; 80 117 ] THE FATE OFC EP MNIC PN.LU'I’MTS MINLW
Ro-at DISPOSAL OPERATIO. . (U) GEORGIA IlST TECH ATLANTA lLL i3
SCHOOL OF CIVIL ENGINEERING F @ P HLM ﬁL WAR
UNCLASSIFIED SCEGIT-86-188 DAND17-83-C-35024




o

2

I

FEEFEER

er
3
fr

s

FEEE

=5
ll=

o

MICROCOPY RESOLUTION TEST CHART
NATIONAL BURELAU OF STANDARDS-1963-A




TR
<
-t

ST : AD

" REFORT NUMBER SCEGIT 86-108

“ THE FATE OF SELECTED ORGANIC PCLLUTANTS
. DURING LANDFILL DISPOSAL OPERATIONS

_ FINAL REPORT

w0 DT
CLo o e ELECTE
" Frederick G. Pohland
Thomas R. Schaffer MAY 0 4 1987

SN Wendall H. Cross ’z D =

March 1987

Supported by

U S ARMY MEDlCAL RESEAPCH AND D‘\IELOPMENT COMMA'\J
Fort Detrlc.<, Frsdel.ck. Marviand 27701-5012

Y ’

el Contract No. DAMD17-85-C-5024
e School of Civil Engineering
Georgia institute of Technology
Atianta, Georgia 30332

Approved for public release; distribution unlimited
The findinas of this repcrt are not to be construed as an

official Department of the Army positicn unless sou
designated by other authorized documents

-_ ._ .\‘j
\.-\ \



REPORT NUMBER SCEGIT 86-108

THE FATE OF SELECTED ORGANIC POLLUTANTS
¢ DURING LANDFILL DISPOSAL OPERATIONS

FINAL REPORT

by

Frederick G. Pohland
Thomas R. Schaffer
Simak Yari
Wendall H. Cross

March 1987

} Supported by
1
|
I

° U.S. ARMY MEDICAL RESEARCH AND DEVELOPMENT COMMAND
- Fort Detrick, Frederick, Maryland 21701-5012

Contract No. DAMD17-85-C-5024

School of Civil Engineering

Georgia Institute of Technology
Atlanta, Georgia 30332

Apprcved for public release; distribution unlimited

The findings of this report are not to be construed as an
official Department of the Army position unless so
designated by other authorized documents

'\ \'\

)
ﬂJLQQ}uHR& xfdﬂheﬁdhﬁﬂnfeﬁh ‘




SECURITY CLASSIFICATION OF THIS PAGE

REPORT DOCUMENTATION PAGE

Form Approved
OMB No 0704-0188
Exp Date Jun 30 1986

a. REPORT SECURITY CLASSIFICATION
UNCLASSIFIED

1b RESTRICTIVE MARKINGS

2a. SECURITY CLASSIFICATION AUTHORITY

3 DISTRIBUTION /AVAILABILITY OF REPORT

2b. DECLASSIFICATION / DOWNGRADING SCHEDULE

Approved for public release;
distribution unlimited

4 PERFORMING ORGANIZATION REPORT NUMBER(S)

5. MONITORING ORGANIZATION REPORT NUMBER(S)

6a. NAME OF PERFORMING ORGANIZATION
School of Civil Engineering

Georgia Institute of Technology

6b. OFFICE SYMBOL
(If applicable)

7a. NAME OF MONITORING ORGANIZATION

U.S. Army Biomedical Research and
Development Laboratory

6c. ADDRESS (City, State, and ZIP Code)
Atlanta, Georgia 30332

7b. ADDRESS (City, State, and ZIP Code)
Fort Detrick
Frederick, Maryland 21701-5010

8a. NAME OF FUNDING/SPONSORING
ORGANiZATION U.S. Army Medical

Research & Development Command

8b. OFFICE SYMBOL
(If applicable)
SGRD-RMI-~S

9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER

DAMD17-85-C-5024

8c. ADDRESS (City, State, and ZIP Code)

Fort Detrick
Frederick, Maryland 21701-5012

10. SOURCE OF FUNDING NUMBERS

PROGRAM PROJECT TASK WORK UNIT
ELEMENT NO. NO 3El- NO ACCESSION NO
62720A 62720A835 AA 016

11. TITLE (Include Security Classification)

(U) The Fate of Selected Organic Pollutants During Landfill Disposal Operations

12. PERSONAL AUTHOR(S)

F.G. Pohland, T.R. Schaffer, S. Yari, and W.H. Cross
13a. TYPE OF REPORT 13b TIME COVERED 14 DATE OF REPORT (Year, Month, Day) |15 PAGE COUNT
Final FrROM 12/3/84 107/11/86]1 1986 July 196

16. SUPPLEMENTARY NOTATION

17 COSATI CODES
FIELD GROUP SUB-GROUP
06 09
06 06

18. SUBJECT TERMS (Continue on reverse if necessary and identify by block number)

Landfill codisposal; hazardous waste; organic priority
pollutants; Leachate recycle; Assimilative capacity

of single pass leaching or leachate recycle.

phenol, pentachlorophenol, 4,6-dinitrocresol,

recycle cells.
not influenced by the presence of the organic
through leachate recycle.
phases of landfill stabilization was ascribed

19.\ABSTRACT (Continue on reverse if necessary and identify by block number)
The codisposal of selected organic priority pollutants with municipal refuse was
investigated with four pilot-scale simulated landfill cells operated under the influence

The acid formation and methane fermentation

phases of landfill stabilization were established and described in terms of routine
analyses performed on leachate and gas samples for a variety of indicator parameters.
During a 15-month period, little evidence of release of butanone, trichloroethane,

di-n-butyl phthalate, 2,6~dinitrotoluene,

2,4-dinitrotoluene, phenanthrene, hexachloroethane, 2,4'-dichlorobiphenyl, and
hexachlorobiphenyl was obtained even after elution of as much as 20 bed volumes in the
Moreover, patterns of microbially mediated conversion of substrate were

priority pollutants and could be accelerated

Assimilation of the organic priority pollutants throughout the

to physical-chemical and biochemical

20 OISTRIBUTION / AVAILABILITY OF ABSTRACT 2% ABSTRACT SECURITY CLASSIFICATION
O uncLassiFieD/uNuMITED [ SamE AS RPT ] OTiC USERS UNCLASSIFIED p
22a NAME OF RESPONSIBLE INDIVIDUAL 220 TELEPHONE (Include Area Code) | 22¢ OFF'CE SYMBC. ’
Mary Frances Bostian 301/663-7225 SGRD-RMI-S ‘
DD FORM 1473, 8a MAR 83 APR edition may be used unt exrausted SECLRITY CLASSIFICATION OF TwiS PAGE p
All other editions are obsolete ;
-
- - ' L - P T e T T Tt R IR S Y A SN L I '_.‘:
A s G Yo T o T ARy N R A N N A R A A N A N AN A

9. W0 3%, Ve, Vs W0e W%, X



-
o)

-
™

PN S
=

BS5557

"‘) & -

a, A Ay

fd‘}t‘:“.“"¢

A A

o

19. Abstract (continued)

attenuation and possible fractionation within the waste mass. Additional
studies are indicated to further establish assimilative capacities for
organic priority pollutants codisposed with municipal refuse in landfill
disposal sites.




TABLE OF CONTENTS

Page
LIST OF TABLES.¢teeessosesvessasssoescassssscacosssasscsossasssscs 2
LIST OF FIGURES..eeeeecccecccccccosocooccncossosassssssssssessssssns 3
INTRODUCTION . coseeecsosoessccssevsoacssscssoosassscsnnsasosccnnnnss 9
LITERATURE REVIEW..coeeeeeceoscesosococsssccccsorscccccossasscncnss 10

LANDFILL STABILIZATION...ccoececencocsccnconseanssncososssnnes 10
LEACHATE MANAGEMENT. .0vueienrencrocesocansassonennsssanns ceee 13
TRACE ORGANIC CONTENT OF LANDFILL LEACHATES...ceotesseecosses 14
POSSIBLE REMOVAL MECHANISMS.......oiveeovenensnoanes ceseeeens 16
APPLICATION TO SELECTED ORGANIC PRIORITY POLLUTANTS...ceceess 17

MATERIALS AND METHODS......oono-oo.ot.na-oooacoto.ooooooocvon.ttoo 22

CONSTRUCTION, LOADING AND OPERATIONAL PROCEDURES..cccccescecs 22
Simulated Landfill Construction..ceceecsccssccascsnncnss 22
Loading Procedure...ccececececssssscscssssscsccassoccans 26
Operation of Simulated LandfillS.cecccesceccassscacocses 27
Tracer StUQY...ueeieeeeeersosasescscensscecnocncanencnnns 29
Sludge Seeding and Acclimation.ceceieeccesessascscnsnsnns 31

ANALYTICAL METHODS . tesecesescscesoscsassssassscsacssonssasces cee 33
‘Waste ANnalysSiS.ceceececssceccsosssescnsensasssnesasnssans 33
Gas ANalysSiSeececreiesenerssesaasssscscescssssvscscsossona 34
Leachate ANalySiS.ceeeiecosssnsscscessssescsscosssosceascs 34

Gross ParametlerS.icecccescessesesvescsccssosssonsnne 34
MetalSseseoscoes cevoee tressssessssass s tecscensesenas 35
Organic Priority Pollutant AnalysiS.cececescececocnnsccses 36

RESULTS AND DISCUSSION..eseeescvasoscsscossssssceossscsssososssssns 4o

REFUSE COMPOSITION. . ceaceesesesscenscsesssscsscassesccsassssncns 4o
TEMPERATURE........ er et ssesertescoresseer ot e s aaanasssssenn e Lo
LEACHATE ANALYSIS .t eeeerernsasvecscaensssrscsssasssasssssncans 42
Organic Strength ParameterS.ccrcsicrcccescescosssacsssssocses 42
Volatile Organic Acids..iieeecsscecsnanncnas ceeracssanee 65
1) S 73
AlKAIINIt Y eeeeienennrenonasescsessassssssosccsasssscsnsa 75
CONAUCE I VI LY ettt ottt reentsonesetnsersosassssnnnneasenens 76
Oxidation=-Reduction Potential ceesna creeessesvssnnns 78
SULF L8t s e it tetnnetoneasoeeeasotonennosnessosnsosennsns 30
Nutrients (Orthophosphate and AmmONiad).eescecesseesecans 82
MELaAlSeeueeoesosossossessssoaasansscesnsscanssesssnsnses 85




e e s 2t adedatas =2y adacadad st s paipe paiydighy ' s o tbp gy diy Ay b bbb bon okt bbbt |

GAS PRODUCTION AND ANALYSIS,.....evevvennennnns Ceceacesanasas 95
Initial Gas Production Phase, . .........ccieeeenneconanes 95
Final Gas Production (Methane Fermentation) Phase....... 102
TRACE ORGANIC PRIORITY POLLUTANT ANALYSIS..eeevcevsessovescae 107
Elution Potential..‘....l'l........Ql....l.".."..l.". 116

SUMMARY AND CONCLUSIONSO‘....'l.Q.....O."l.'.'l..l.‘...'.l.l..‘l. 122 ’
REFERENCESI'0..'0...ll‘.....'l..‘.ICO..Ol..l........l."‘.l'l’.... 125
APPENDICESI.I....‘C..l.'...l...'.......'...l...l."..'O'...ll..... 128

DISTRIBUTION LISTpoooo.ooo...ano..o.oloo.o-o.o..o-o.o.ooo‘oooooato 195

. e - P - o e R R - Nt N
A0 AR NN AR Ty o Lol RPN O S g ‘T LA N N LIS Y -
R R e S e e AN AR s " : '



- > - o

Nt aT AT N, 8 .

Table

B1

B2

B3

BY

BS

B6

BT

Trace Organics Found in Well Water....
Trace Organics Found in Leachate..ceeeesessceessasccvencnne

Physical Properties of Selected Organic Priority
Pollutants‘l...'.....l.....'....'.l.l.‘l..l.l........ll..t.

Carbon Adsorption Capacities for Selected Organic
Priority PollutantS.ceececececossrsscecrscscsesasssacccssscsas

Trace Organic Priority Pollutant SpikeS.eeeceieevecesnccsces

Analysis of the Digested Sludge Supernatant Added to All
Four Simulated Landfill Cells during Seeding...cecceecereses

Column Elution Test:

Column Elution Test:

Summary of Column Elution TestS..iececesscocecececsessnsscses

Temperature Variations during Simulated Landfill
InvestigationSeeececsesceescsosescesoscsosesassrsanssscsases

Gross Parameter Analyses on Leachate Samples from
Control Recycle Simulated Landfill Cell..vervcvnccscenncnes

Gross Parameter Analyses on Leachate Samples from
Spiked Recycle Simulated Landfill Cell.veecvecenosnens

Gross Parameter Analyses on Leachate Samples from
Control Single Pass Simulated Landfill Cell.iiieviecercesccns

Gross Parameter Analyses on Leachate Samples from
Spiked Single Pass Simulated Landfill Cell.iveieesenencscsses

Metals,
Sulfide
Recycle

Metals,
Sulfide
Recycle

LIST OF TABLES

Elution of Selected Priority
Pollutants with Deionized Water.i.eeeeeeececeacsscosocnsnse

Elution of Selected Priority
Pollutants With Leachate...0.........'.................O...

Organic Priority Pollutants, Nutrient and
Analyses on Leachate Samples from Control
Simulated Landfill Cell.is.ieeesecoosnnsencnsccsnacse

Organic Priority Pollutants, Nutrient and

Analyses on Leachate Samples from Spiked
Simulated Landfilll Cell..iiseraasocossessnssonsnnnns

WA AT
. - K
La Y .‘. "-' .t."l/.\ S NN

Page

15

15

19

21

30

32

118

120

119

130

137

144

151

158

165

170



B8

B9

B?O
Jl
B12
B13

B14Y

Metals, Organic Priority Pollutants, Nutrient and
Sulfide Analyses on Leachate Samples from Control
Single Pass Simulated Landfill Cell...eveecvescnccnsscnsese

Metals, Organic Priority Pollutants, Nutrient and
Sulfide Analyses on Leachate Samples from Spiked
Single Pass Simulated Landfill Cell.eeeeeresconesasscsocons

Gas Production and Composition for the Recycle
Simulated Landfill CellS..eeeeeseccsssscssncscssncasasnosnsa

Gas Production and Composition for the Single Pass
Simulated Landfill CellS.ceeecesocssnnsssssonsancssasnsossne

Lithium Concentration in Leachate from the Single
Pass Cells During the Second Tracer StudYeeeeoeeceoscascasenes

Initial Gas Production and Composition for Recycle
Simulated Landfill CellS.ceeerecscocecassocscssscocssascsns

Initial Gas Production and Composition for Single Pass
simulated Landfill CellSOOOOOOOOOOCQODC...l.....l..........

175

180

185

188

191

192

193




-
-

> oM™

e m it T

2t s 0B

- DTN

Figure

10

11
12
13

14

15
16

17

18

19

LIST OF FIGURES

Page

Changes in Selected Indicator Parameters During the
Phases of Landfil]l StabilizatioN.c.veeeseerveosescccrsvansoe 12

Chemical Structures of Selected Organic Priority
PollutantSQitil.Q.“.‘.t......'DDQ....IOOQIDQOOOOQOI'.

LR BN BN A 3 18

Configuration and Dimensions of a Typical
Lab-=Scale Simulated Landfill Cell.iiuieeenncetsccnneoesensons 23

Operational Features of the Simulated Landfill CellS....... 24
Distribution Tray for Simulated Landfill CellSeeeeesscecses 25

Sealing Procedure for Lids of Simulated Landfill

CellSooot-ooo-ooctocoto.ooclonootoooo.-.oooon.oou.ooocoo00. 27

Waste Cample Splitting Procedure...cescscececsconscnscscses 33

Analytical Scheme for Determination of Trace Levels
of Organic Constituents in Leachate..sveeesecsvsocrnssscsces 37

Steam Distillation Vapor EXtractor...eceeeceeessssrossasess 38
Temperature of the Simulated Landfill CellS.ieceesescscsses 41

Chemical Oxygen Demand of Leachate from the Simulated
Landfil]l CellS.iueeecrosensasoeaocssossvscnsasvenssancsssncassa 43

Biochemical Oxygen Demand of Leachate from the Simulated
Landfill Cells.'.IQ.l..Q........l........ll‘....ul.l.l..'.o nu

Total Organic Carbon of Leachate from the Simulated
Landrill Cells.'ll....l...l.....l.............I"..l.ll.... us

Lithium Tracer Study on Simulated Landfill CellS..ieeeavesses L6

Sodium Concentration in Leachate from Simulated
Landfill Cells during Initial Tracer Studyeeeeeeeescscceses 48

Total Volatile Acids in Leachate from the Simulated
Landfill Cells‘..ll....!.'l...l.".l'.‘...0...........'...0 50

Weekly Gas Production from the Simulated Landfill Cells,... 51

Cumulative Gas Production from the Simulated Landfill

Cells.......‘..'..l.......C..Q.l‘.'l....lll........!....'.. 52

pH of Leachate from the Simulated Landfill CellS...cevnnens 53

T e L Te S e e T . R PRI YU P P T T T R N
RS T e et .

......
.....
. -, .



-,

¥ 20 Volatile Organic Acids in Leachate from the Control
: RecycCle Cell.iceeeaceancsvresssvssosscsssosssscasossssnsnesos
§ 21 Volatile Organic Acids in Leachate from the Spiked
. Recycle Cellooao.oocoooaooo-.ot.-ooo-ooo.tcoo-'n'tnounoo--o
22 Volatile Organic Acids in Leachate from the Control
v Single Pass Celliuieeessvsostsososssocnsocossscscacsssnsasscss
>,
' 23 Volatile Organic Acids in Leachate from the Spiked
Single Pass Celliiiieescasesssaccsasssssnssssssssssssssasess
.
A 24 Lithium Tracer Study Performed on the Simulated
: Landfill Cells....'..0...0.....l.................'.CC..QC'.
L4
‘ 25 Mass of Chemical Oxygen Demand in Leachate from the
Simulated Landfill CellS..cesceveeecosoccsonscasassocncosanasn
; 26 Mass of Biochemical Oxygen Demand in Leachate from the
. Simulated Landfill CellS.eeesesscsecsssasssscesssocsncscncnnas
\
"
« 27 Mass of Total Organic Carbon in Leachate from the
Simulated Landfill CellSiseeve-csessssosrsoscsosocascsasssse
A 28 Mass of Total Volatile Acids in Leachate from Simulated
: Landfill Cellst..I....CC..lll..Ill...O...O‘....OCC....I.'.C
4
4 29 Mass of Volatile Organic Acids in Leachate from the
- Control RecycCle Celliveieeeeresessescscoacsvosonsnsonsoscscs
-
N 30 Mass of Volatile Organic Acids in Leachate from the
) Spiked RecyCle Celliveevesosssosaosssosnsacsssssascsonssanns
‘
31 Mass of Volatile Organic Acids in Leachate from the
. Control Single Pass Cellieeeeisecssesscsssansssnscssnsansssas
¢
Y 32 Mass of Volatile Organic Acids in Leachate from the
{ Spiked Single Pass Celluiueuiuireeeeseseosssvsocooosanosasaenss
33 Alkalinity of Leachate from the Simulated Landfilil Cells...
' 34 Conductivity of Leachate from the Simulated Landfill
~: Cells".l..OC0.......0..."....0..'.........O'..l.ll...i.‘.
' 35 vxidation-Reduction Potential of Leachate from the
Simulated Landfill CellS.icseeasessvsesrvessnsesocsonsesnnasas
‘ 36 Sulfide Concentration of the Leachate from the Simulated
' Landfill CellS.eeeeeeoesrocosaososossssssesssecassssasnsases
! 37 Orthophosphate Concentration of the Leachate from the
" Simulated Landfill CellS.iueiiveeeeesososconnosossosoonesnns
. 38 Ammonia Concentration of the Leachate from the Simulated
f- Landfill CellS.uiueseeeeeoenueosoossasosscsnessssesananssoas
X
" 6
NIV I I S U R A

54

55

56

57

59

61

62

63

64

67

68

69

70

T4

T7

79

81

83

84




g |

A
S e

e

LA NS

Pl W W 0 W

a0 )

q
»
o
.
-
L]

39

40

41

42

43

yy

45

46

u7

48

49

50

51
52
53
54

55

56

57

58

Sodium Concentration in Leachate from the Simulated
Landfill CellSeeeeeesesteossesccsoeseanssososcsnssnasenonsss

Potassium Concentration in Leachate from the Simulated
Landfil]l CellSuuiieeereseoonecosnsoessnsnasssesonsosonsness

Magnesium Concentration in Leachate from the Simulated
Landfill CellSuiuseeeeeenoecessosnessssosnsasssonsssossasonnas

Calcium Concentration in Leachate from the Simulated
LAndfill CellS.useeeresessvocsssonsscacoassassasnesncsosess

Manganese Concentration in Leachate from the Simulated
Landfill CellS.u.eeeeeereecosnosesseceacsvossssocsscasansos

Iron Concentration in Leachate from the Simulated
Landfill Cells.n’..'tl...‘.ll....OQOOIIOIOOOOOQQOQOC'...0..

Chromium Concentration in Leachate from the Simulated
LAandfill CellSeeeesescocssossssessosscsossascsossssnscoooncsscs

Cadmium Concentration in Leachate from the Simulated
Landfill CellS.uieeeersoascesosesnsccsssescsosoesansssossossssenes

Copper Concentration in Leachate from the Simulated
Landfill CeIISD'OC..00....0...0.‘.lDCl.I..ll....."l.ll'.ll

Nickel Concentration in Leachate from the Simulated
Landfill CellS..eeeeescsesvoscoesocsosoncsenasossaansoocnsonses

Lead Concentration in Leachate from the Simulated
Landfill CellSeuieseesesccansosscavsonscosesvsassnsesnncnssass

Zinc Concentration in Leachate from the Simulated
Landfill Cells.l.l......"0......Q..'..CQ...O..I..OOQ."..I

Gas Composition from the Control Recycle Cell.ivi.veevsacsea
Gas Composition from the Spiked Recycle Celliceveeosonsonns
Gas Composition from the Control Single Pass Celliveeveoens
Gas Composition from the Spiked Single Pass Celliviiveoansse

Initial Phenol Concentration in Leachate from Simulated
LAndfil]l CellSeueaereesesaososscsassossssccnsssanssasosacssos

Initial Di-n-butyl phthalate Concentration in Leachate
from Simulated Landfill CellS..uieseoesonsescssenccnsansonns

RIC for Cell 2 Leachate Extract (Day 17U) ceeeneeeeosnsonnsns

RIC for Cell 4 Leachate Extract (Day 178).euieeveresscnnnnss

87

38

89

90

93

94

96

97

98

99

100

101
103
104
105

106

108

109
\RR!

e




A Rl I A UL AP N R LS

b 59 RIC for Cell 2 Leachate Extract (Day 2U44)..cueeenecrsenoasss 113
60 RIC for Cell 4 Leachate Extract (Day 24U).eeeeeeeccsoeeneess 114

61 RIC for Standard BlanK..ceeeesosoessvsossessssosensossecasese 115

62 Small Scale Elution Column Packed with Solid Waste..eeweees 117

WA T

YT T T Y v T T Y R RO Y ¥ X
- £ Yo g e .

L e 2l 2B L e N

DS @ L

LRI RCIXAAAAN SIS /W |

.-I

-, . ™~ »
;T -

. a

L’:._ e e A ol



INTRODUCTION

Hazardous wastes and their potential impact on the environment
when disposed of on or in the land have become a major societal concern,
In response to this concern, a significant amount of research nas been
conducted to investigate hazardous waste disposal practices. However,
the impact of hazardous wastes disposed in sanitary landfills by
small quantity generators exempt from the Resource Conservation and
Recovery Act (RCRA), or by accidental inclusion of such wastes by
commercial or industrial operations, has received little attention.
Therefore, the effects of such disposal practices on human health and
the environment requires additional inspection and appraisal.

The research reported herein was conceived to investigate the
fate of selected organic priority pollutants codisposed with municipal
refuse in landfills. This was accomplished by operating four

laboratory-scale siﬁulated landfill cells under the influence of single

pass leaching and leachate recycle throughout both the acid formation
and methane fermentation phases of landfill stabilization. The organic
pollutants added with the municipal refuse were chosen beéause of their
association with wastes generated from certain U.S. Army activities,
their general presence in municipal refuse, belng listed as hazardous
or toxic by RCRA, their representative nature with regard to various
functional groups and a range of physical properties, and their
amenability to available analytical methodologies. Hence, the organic
priority pollutants selected included butanone, tfichloroethene,
phenol, pentachlorophenol, 4,6-dinitrocresol, di-n-butyl phthalate,
2,6-dinitrotoluene, 2,4-dinitrotoluene, phenanthrene, hexachloroethane,

2,4'-dichlorobiphenyl, and hexachlorobiphenyl.
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LITERATURE REVIEW

Landfills are the most widely used method of solid waste disposal
in the United States and the world today. This is primarily due to
their ability to be designed, installed and operated at lower costs
than other solid waste management alternatives. In spite of their
popularity, landfills are often poorly understood or managed, and
usually provide minimal opportunity for operation as a controlled
process. However, progress is being made to overcome these problems
and this review will summarize some of the basic understanding of the

stabilization sequences occurring within a landfill, compare landfill

management options, discuss priority pollutants that have been
identified with sanitary landfills, and examine the possible mechanisms
of conversion and removal for the organic priority pollutants selected

for investigation during these studies.

LANDFILL STABILIZATION

Most landfills proceed through a series of rather predictable
events which are influenced by climatological conditions, operation
variables, management options and control factors operative in the
landfill environment (18). These events can be observed by monitoring
certain leachate and gas parameters which serve to describe the
following phases of stabilization:
Phase I: Initial Adjustment

This period prevails from initial waste placement through the
closure of the landfill segment and to the time when environmental
parameters first reflect the onset of stabilization processes.
Incipient aerobic decomposition consumes oxygen and produces carbon
dioxide.
Phase II: Transition

During this period, field capacity is exceeded and regular
leaching begins. The oxygen entering the landfill with the waste is
depleted and a transition from aerobic to anoxic and anaerobic
conditions occurs. During this transition, the primary electron
acceptor shifts from oxygen to nitrate and sulfate and then to carbon
dioxide. Reducing conditions are established and intermediates such as

volatile organic acids first appear in abundance.
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Phase III: Acid Formation

During this period, the total volatile organic acids (TVA) formed
by the hydrolysis and fermentation of the waste and leachate constitu-
ents become increasingly dominant. This increase results in a low pH,
increased mobilization of metal species, and the release and utiliza-
tion of nutrients in support of associated biomass development. Carbon
dioxide and hydrogen gas are produced by acid forming microorganisms
and influence further conversion as well as the type of intermediates
formed.

Phase IV: Methane Fermentation

During this period, the intermediate products are converted to
methane and excess carbon dioxide by the methane forming organisms,

The pH increases to nearly neutral as the TVA are consumed and the
carbonate~bicarbonate buffer system is again established. Oxidation-
reduction potential are highly negative as reducing conditions flourish.
Complexation and precipitation of heavy metals with sulfide result in
their removal from the leachate. Leachate strength, as measured by
chemical oxygen demand (COD), biochemical oxygen demand (BODg), or

total organic carbon (TOC), is drastically decreased as TVA are
consumed and methane is produced.

Phase V: Final Maturation

This period follows active biological stabilization of the readily
available organics in the waste and leachate. Nutrients may become
limiting, measurable gas production ceases, oxidation-reduction
potential may slowly rise as more oxidizing conditions are
reestablished, and the more resistant organics may slowly degrade and
influence mobility of other species.

The events described for each of the five phases as illustrated in
Figure 1 will occur in each portion or cell of a landfill if adequate
moisture and nutrients are provided, and inhibition from toxic
materials does not occur. However, since the waste is usually placed
at different times and proceeds through the five phases at different
rates, the combination of processes occurring in each portion of the
landfiZ. may obscure the sequential stabilization pattern discussed
above. Adequate moisture content is critical for rapid stabilization

to occur wWwithin a landfill, and optimum ranges for maximum methane

11
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production have been observed by DeWalle, et al. (8) to vary between 60
and 78%. Typically, 25% moisture is required for decomposition to begin,
and only 30 to 40% moisture will tend to retard gas production (31).
The availability of nutrients is also an important factor in
landfill stabilization. Whereas a COD:P ratio of 2200:1 was determined
adequate for anaerobic digestion of fatty acids by McCarty and Speece
(14), Chian and DeWalle (5) concluded that the upper limits of leachate
COD:P and COD:N were 4360:1 and 39:1, respectively. Trace levels of
other micronutrients normally present in municipal refuse are also
necessary for efficient stabilization. However, inhibition of
stabilization processes has been known to result from the presence of
certain toxic metals, low or high pH, or high concentrations of heavy

and alkali and alkaline earth metals.

LEACHATE MANAGEMENT

Most landfills are constructed and operated to permit single pass
leaching as infiltration from rainfall gradually permeates through the
refuse mass. Due to this gradual leaching process, the previously
described phases of landfill stabilization, particularly the acid
formation and methane fermentation phases, are much less pronounced and
extend over long periods of time. Stabilization in such a landfill may
require many years, generating lower and less predictable rates of gas
(CHy) production throughout its active life (23). Under these
circumstances, the methane gas is usually not economically recoverable
and the landfill site will require continued maintenance to accommodate
differential settling and repair of the cover system after closure.
Ultimate productive use of such a site may also be delayed accordingly.

In contrast, leachate recycle requires the containment, collection
and recirculation of leachate back through the landfill mass. Such a
recycle strategy has been found to provide more rapid development of an
active anaerobic bacterial population of methane formers, thereby
increasing rates and predictability as well as compressing the required
time of stabilization of the readily available organic constituents
(15,17). This accelerated stabilization is enhanced by the more
routine and complete exposure of the microorganisms to constituents in
the leachate and providing the necessary contact time for efficient

conversion and degradation.

13
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Since landfills operate essentially as anaerobic leachate

treatment systems, by accelerating the conversion of organic material
to end-products with leachate recycle, methane gas may be generated in
a more predictable and economically recoverable fashion (2,15,17,22).
By completing this process in months rather than years, the landfill
can be reclaimed for ultimate use much sooner than under single pass
operation (23). Moreover, because recycle systems encourage
containment and more complete degradation of the waste constituents
rather than permitting them to be flushed out through single pass
leaching, such a landfill possesses a much lower risk of environmental
contamination provided that the quantity of leachate is restricted and
removed when rapid stabilization is complete. This final removal of
leachate deprives the system of an active transport phase which would
promote an extension of leaching and possible remobilization of
previously immobilized species. This reduced risk results in lower
costs for closure and post-closure care for a recycle landfill as
compared to a single pass landfill (19) and, although the the initial
capital and operating costs of a recycle system are higher than for a
single pass system, these increased costs are justified in terms of the

benefits of accelerated stabilization (11).

TRACE ORGANIC CONTENT OF LANDFILL LEACHATES

Municipal refuse disposed of in sanitary landfills always contains
trace amounts of organic and inorganic priority pollutants. Insecti-
cides, pesticides, solvents and a variety of inorganic waste products
accumulate in sanitary landfills as a result of household activities
and conventional refuse collection and disposal practices. The
presence of toxic organic compounds was confirmed by Pohland (16) in
leachate samples from pilot-scale landfill cells containing only
residential-type solid waste. Hazardous wastes disposed of by small
quantity generators and the accidential inclusion by commercial and
industrial operations are additional sources of priority pollutants in
sanitary landfills. DeWalle and Chian (6) detected numerous volatile,
acid extractable, and base/neutral extractable organic compounds in
samples from wells adjacent to a landfill site. The organics
identified in that study are listed in Table 1.

14




Table 1. Trace Organics Found in well Water (6)

Volatile Organics Acid Extractable Organics

Acetone Methyl palmitate

Butanol Dibutyl phthalate

Tetrahydrofuran Di(2-ethylhexyl) phthalate
i Diethylether Terpineol Cyg

Chlorofornm

Dichloroethane Base/Neutral Extractable Organics

Pentanol

1,4=-Dioxane Diethoxyethane

Trichlorocethylene Dichlorobutane

Benzene Dibutyl phthalate

Hexane Butylphthalybutylglycolate

Tetrachloroethylene Di(2-ethylhexyl) phthalate

Toluene

Bis(2-chloroethyl)ether

Xylene

Propylbenzene

Sawhney and Kozloski (25) reported that large quantities of many
organic compounds, both volatile and non-volatile, can leach through N
landfill sites into the groundwater. Table 2 lists the organics found
in that study.

Table 2. Trace Organics Found in Leachate (25)

Volatile Organics Non-Volatile Organics
Dichloromethane Toluene
Acetone Phenol
Isopropyl alcohol Cresol
Tetrahydrofuran Ethyl phenol
Chloroform Cg=Cq acids
Methylethylketone
2-Butyl alcohol
Benzene .
Methylisobutylketone K

1,2-Dichloroethane

Robertson (24) reported the presence of toxic organic compounds in
groundwaters ..aching from a municipal landfill., It was concluded that

even landfills which do not receive appreciable quantities of waste

15
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from industrial operations may pollute the groundwater with synthetic

organic compounds.

POSSIBLE REMOVAL MECHANISMS

The fate of organic priority pollutants within landfills is a
function of the interacting effects of various mass transfer and
removal mechanisms including adsorption, solubilization, stripping,
chemical transformation, biosorption, and biodegradation, A substance
is said to be adsorbed if the concentration in a boundary region is
higher than in the bulk phase (27). Hydrophobic compounds prefer to be
associated with solid particles rather than with water. Adsorption is
also influenced by the physical and chemical characteristics of the
adsorbent surface area and nature of available binding sites. Other
chemical and physical properties such as pK, solubility, partition
coefficient and polarity also influence adsorption.

Solubilization is the transfer of compounds from the gas or solid
phase to the liquid phase. The solubility of compounds in water is of
particular importance, since it predicts the tendency of compounds to
leach. Likewise, volatile compounds are released from the liquid into
the gaseous phase due to their high vapor oressure. There is always
the potential for a compound to evaporate and diffuse into the gaseous
phase. For some volatile compounds, the losses through volatilization
can be significant.

Chemical transformation includes both photolysis and hydrolysis.
Direct photolysis processes occur if the chemical absorbs light and
then undergoes a transformation reaction from an excited state by some
mechanism such as rearrangement or dissociation. Indirect photolysis
processes occur if substances present in the aquatic system absorb
light to form excited chemical species or radicals which interact with
the chemical to induce a reaction. Hydrolysis results in the
introduction of a hydroxyl group (-OH) into a chemical structure with
concomitant displacement of another group (-X) (29).

Biosorption is the sorption of compounds onto the biomass. The
compounds are then degraded while remaining attached to the biomass.
In contrast, biodegradation is the biological transformation of

compounds into intermediates and end-products such as COp, CHy and H>O.
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Synthetic compounds can be degraded biologically only in the presence
of the relevant microbes which possess the appropriate enzyme
complements necessary to bring about degradation of the original
compound and intermediate metabolites.

The predominant mechanisms of conversion or removal in a landfill
setting will be determined by tbe physico-chemical properties and
relative biodegradability or susceptibility to acclimation of each
organic compound present as well as the associated physico-chemical and
bioclogical nature of the other landfill ingredients. As the landfill
proceeds through the different phases of microbially mediated
stabilization, the landfill environment can vary significantly and
consequently alter the predominant transfer and removal mechanisms for

each compound.

APPLICATION TO SELECTED ORGANIC PRIORITY POLLUTANTS

The selected priority organic pollutants examined in this study
are listed with their chemical structures in Figure 2. Some of their
important physical properties including solubility in water, vapor
pressure, and log octanol/water partition coefficient are presented in
Table 3. The solubility of the compound in water is important in
determining the expected behavior of organic priority pollutants in a
landfill, since infiltration from rainfall and groundwater encroachment
provide opportunity for solubilization and possible transport and
migration. Vapor pressure provides an indication of the tendency of a
compound to volatilize into the gas phase. Here again, the tendency to
volatilize into the gas phase in a landfill or through its confining
layers would be of environmental concern. Likewise, the octanol/water
partition coefficient indicates the potential of a compound to be
adsorbed. Generally, the higher the log octanol/water partition
coefficient, the greater the tendency to be adsorbed. Such adsorption
would be expected to be particularly important for organic priority
pollutants codisposed in a landfill setting.

Adsorption isotherms have been developed for many of the organic
priority pollutants using activated carbon (9). Although refuse has a
different structure than activated carbon, such isotherms can provide a

basis for comparison of different organics and their adsorption
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FIGURE 2: CHEMICAL STRUCTURES OF SELECTED
ORGANIC PRIORITY POLLUTANTS.
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tendencies. Table Y4 lists the adsorption capacities for most of the

organic priority pollutants chosen for the investigations reported

herein.

Table 4. Carbon Adsorption Capacities for Selected Organic
Priority Pollutants (9)

Compound Adsorption Capacity, mg/g*
Heptachlor 1220
PCB-1232 630
PCB=-1221 242
Di-n-butyl phthalate 220
Phenanthrene 215
4,6-Dinitro-o-cresol 169
Pentachlorophenol 150
2,4-Dinitrotoluene 146
2,6-Dinitrotoluene 145
Hexachloroethane 97
Trichloroethene 28
Phenol 21

*Adsorption capacities are calculated for an equilibrium cconcentration
of 1.0 mg/L at neutral pH.
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MATERIALS AND METHODS

CONSTRUCTION, LOADING AND OPERATIONAL PROCEDURES

Simulated Landfill Construction

Four identical, 208-liter, high-density polyethylene (HDPE) tanks
with conical bottoms were used as simulated landfill cells during this
study. They were mounted on stands in the Georgia Tech Environmentai
Engineering Laboratory, 92 cm above floor level to allow gravity
draining of leachate from the center of the conical bottom to the
smaller, flat-bottomed, 57-liter HDPE leachate reservoirs. Each of the
four cells was connected to its own reservoir using 2.54-cm polyvinyl-
chloride (PVC) pipe. A tee in this line provided an access point to
obtain leachate samples directly from the cells. Figure 3 shows the
configuration and dimensions of a typical cell with recycle
capabilities.

The two landfill management options investigated during this
study, single pass and recycle systems, are shown in Figure 4. The
recycle cells were connected from the reservoir to a recycle pump and
back to the top of the cell to allow for leachate recirculation, A tee
on top of the cells allowed for introduction of the spike of selected
organic priority pollutants at the appropriate time. The single pass

cells were constructed without recycle and all water was added through

the port on top of the cell in amounts simulating local annual rainfall.

Gas lines of 0.64-cm ID tygon tubing were connected from the top of the
cells to gas burets for collection and measurement of gas production.
A tee in this line allowed the gas to be vented after p-oduction was
recorded. In the recycle systems, the leachate reservoir was an
integral part of the facility and gas production from leachate in
storage was also measured. Therefore, the top of the leachate
reservoir was also connected to the gas burets. For the single pass
systems, the leachate was not stored but removed routinely from the
system.,

Thermocouples were mounted 35 cm from the bottom of each cell and
placed in the center of the waste mass during loading. They were
connected to temperature recorders to monitor temperature changes

Aitnin tne cells throughout the period of investiguation.
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Distribution trays were fabricated for each cell to ensure even
distribution of liquid across the entire surface area and to minimize
the possibility of channeling during leaching. They were made of HDPE,
36-cm diameter x O0.4-cm thickness, with 0.52-cm holes drilled at

equally spaced intervals in a square grid‘as shown in Figure 5.

000 OO O OO0
o 0 6 0oo0 o0

0O 60 0000 0 o 00O
© 6 00 0Op 0 0 00O

FIGURE 5: DISTRIBUTION TRAY FOR SIMULATED LANDFILL CELLS.

The trays were held in place by aluminum rods bolted intoc the
sides of the cells and were installed after the cells were loaded with
refuse. The trays were tested under both the single pass and recycle
operations and were determined to adequately distribute the flow across
the entire surface of the waste mass.

The discharge opening from the cells was covered by a perforated
plastic strainer to prevent solids from entering the discharge piping.
This strainer was buried in a 2.5-c¢m gravel layer which filled the cohe
of each cell to facilitate collection of leachate in the underdrain
system and prevent clogging of the strainer.

After construction, the cells were rinsed with tap water and the
final rinse water was left in the cells for several days. A sample of

this final rinse water from each cell was obtained for analysis of

trace organic priority pollutants. Although the HDPE tank may have

adsorbed some insignificant amount of the organic priority pollutants

examined 1in this study, the surface area available for adsorption on
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the sides of the HDPE tank was a only small fraction of the total
surface area available within the waste loaded into the cell,.
Therefore, its influence on the resultant fate of the organic priorit
pollutants was considered minimal.

Loading Procedure

The municipal solid waste loaded intoc the simulated landfill cells
was obtained at the DeKalb County, GA Refuse Shredding Facility on
March 1, 1985 and transported to Georgia Tech for loading into the
cells. The refuse was removed from a "just loaded" semi-trailer into
30 large plastic bags. The contents of six-bag lots were first
combined in a pile on plastic sheeting and then thoroughly spread out
over the plastic and split into four equal piles. Pileces of plastic
over 30 cm square were removed to avoid possible clogging and flow
problems in the cells, After samples from each pile were taken and
stored for analysis, each pile was weighed, placed in one of the cells,
and compacted as it was loaded using an asphalt tamper. Another six
bags were then dumped on the plastic sheet and this procedure was
repeated twice until the level of waste in the cells approached 71 cm.

At the appropriate time, the thermocouples were placed in the
center of the waste mass within each cell. The waste was left
overnight, weighted down by a circular piece of plywood and two
concrete blocks to hold it in place and compact it further. On the
following day, the loading procedure was repeated again until a total
compacted depth of 71 cm was provided in each cell. Consequently, a
final total of 82 kg wet weight of refuse in 170 liters, or a density
of U482 kg/m3, was loaded into each cell.

The distribution trays were bolted into place and sealed with
silicone caulking. Twenty-five liters of deionized water were added to
each cell to increase the moisture content of the waste mass. The lids
to the cells and reservoirs were then welded in place using a Seelye
electric plastic welder (Seelye, Inc., Minneapolis, MN). After
cooling, the weld was covered with silicone caulking to ensure a
gas-tight seal. The lids were trimmed to fit inside the lip of the

tanks, since an inside corner was easier to weld and caulk as shown in

Figure 6. -
26
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FIGURE 6: SEALING PROCEDURE FOR LIDS OF SIMULATED LANDFILL CELLS.

Preliminary moisture analysis performed on three waste samples
indicated an average moisture content of about 25%. Since 45 to 50
liters of water were required to reach the 60% moisture content
considered desirable to maximize stabilization, an additional 22 liters
of deionized water were added to each of the cells. The following day,
all water was drained from the bottom of each cell and returned to the
top. This procedure was continued for several days until March 12,
1985 when the amount drained from the cell equalled the amount added
the previous day. This date was then identified as Day 0 or when field
capacity was reached and leachate production commenced. A sample of
leachate from each cell was collected at that time and analyzed for all
indicator parameters.

Operation of Simulated Landfills

The operational plan for the simulated landfill cells was
developed to promote landfill stabilization and an adequate volume of
leachate for analysis and recycle as soon as possible. This was
accomplished by adding six liters of deionized water per week to the
cells or an equivalent of 127.0 cm/year of simulated rainfall. The
single pass cells (Cells 3 and 4) received six liters/week of deionized
water throughout the study period of about 450 days. For the recycle
cells (Cells 1 and 2), initially six liters of deionized water were
added to the leachate reservoir each week and the entire volume was

recycled once each week. On Day 37, water addition to the recycle
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cells was discontinued, since an adequate leachate volume had been
accumulated for recycling and sampling during the remainder of the
study period. After Day 37, the leachate that drained to the reservoir
from the recycle cells was recirculated once each week or less
frequently depending on the operational strategy employed at the time.

Leachate samples (500 mL total) from all four cells were collected
at least weekly for analysis of gross parameters, metals and organic
priority pollutants. However, to monitor stabilization more closely
during the acid forﬁation and methane fermentation phases, COD and
total and individual volatile organic acids were analyzed at least
twice each week., Gas production was measured daily along with cell and
ambient temperaﬁures. Gas composition was analyzed at least twice each
week when measurable gas was being produced,

Once the acid formation phase was established and the background
level of priority pollutants determined, Cells 2 and U4 were deemed
ready to receive the spike of selected organic priority pollutants.

The 12 organic priority pollutants were selected based on five
criteria:
1. presence in waste generated from U.S. Army activities;
2. general presence in municipal refuse;
3. 1listed as hazardous waste or toxic by the Resource
| Conservation and Recovery Act (RCRA);
b, representative of functional groups and a range of physical
properties such as solubility, volatility and polarity; and,
5. amenable to current analytical methodologies.
Those organic priority pollutants selected were:

purgeable organics - butanone {(methylethyl-
ketone; MEK)
- trichloroethene (tri-
chloroethylene; TCE)

acid extractable organics = phenol
- pentachlorophenol
- 4,6-dinitro-o-cresol

base/neutral extractable organics - di~n-butyl phthalate
- 2,6-dinitrotoluene
- 2,4=dinitrotoluene
- phenanthrene
- hexachloroethane

polychlorinated biphenyls (PCBs) - 2,4'-dichlorobiphenyl
- hexachlorobiphenyl

28
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The quantity of organic priority pollutants spiked was
determined by several factors including:

1. detection limit of GC-MS (-1 mg/L);

2. mass of waste in cells (estimated initially at 60 kg

v dry weight);
3. anticipated dilution effects (maximum of 100 to 1); and,
4, physical/chemical properties and biodegradability of
pollutants (compound specific).
Based on these criteria, a level of 10 mg/kg was chosen and approxi-
mately 600 mg each of ten of the pollutants were added as spikes to
each single pass and recycle test cell. The two PCBs were spiked in
lesser amounts of 75 mg per cell due to their relatively high cost.
In order to facilitate the addition of the selected organic

pollutants to the spiked cells, they were placed in solution and added

with the simulated rainfall at the top inside of Cells 2 and 4. Due to
the differences in chemical properties of these organics, five
solutions were prepared for each cell as described in Table 5.

These five solutions were added to Cells 2 and 4 on Day 30. For

Cell 4 (single pass), the total volume of the soluticns consisted of
five liters followed by a 1-liter flush with deionized water to rinse
the distribution tray. For Cell 2,

followed by a 1-11ter.f1ush and the leachate in the reservoir was

(recycle cell) the solutions were

recycled. Aftér spiking the cells, the leachate was sampled initially
twice each week for trace organic priority pollutant analysis through
Day 80 and at lesser intervals thereafter.

Tracer Study

Tracer studies were performed both initially and toward the end of
the research investigations in order to gain an understanding of flow
characteristics within the simulated landfill systems and to permit
examination of dilution effects, Lithium (Li) was selected as the
tracer due to its conservative properties. A lithium chloride solution
containing 1000 mg/L lithium was added to all four cells on Day 30

along with the priority pollutant spikes. The amount added was based

on three primary criteria:
1, detection limit of lithium by atomic absorption spectro-

photometry (AA) (~0.2 mg/L);
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Table 5. Trace Organic Priority Pollutant Spikes

Solution 1:
2,6-dinitrotoluene

2,4-dinitrotoluene
di-n-butyl phthalate

Solution 2:
phenol

pentachlorophenol
4,6-dinitrocresol

Solution 3:
methylethylketone

trichloroethylene
hexachloroethane

Solution 4:

phenanthrene

Solution 5:

2,4'-dichlorobiphenyl
hexachlorobiphenyl

Cell 2 Cell 4
600.15 mg 600.35
594.45 593.55
609.08 605.70

Dissolve in about 8 mL of
methanol. Then dilute with
1-liter deionized water.

603.30 mg 604.92
600.20 601.60
540.90 539.U46

Dissolve in about 8 mL of
methanol. Then dilute with
1-liter deionized water.

648.75 mg 595. 80
602.60 602.40
602.15 599.35

Dissolve in about 5 mL of
methanol. Then dilute with
1-liter deionized water.

600.06 mg 600.06
Dissolve in about 100 mL of

mg

mg

mg

mg

hexane. Then while evaporating

the hexane with N, gas,
dissolve in acetone. Then

dilute with 1%-liter deionized

water.
75.00 mg 75.00
75.00 75.00

Dissolve in about 50 mL of

mg

hexane. Then while evaporating

the hexane with N, gas,
dissolve in acetone. Then

dilute with ¥-liter deionized
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nh‘k&!iﬁab AASISL Y Ibu&&}' SRARNNIRNIEEN

........

water,
LN RN T NN L N ST N S0 AL Ly
PR \'..(._\_\,.‘_. ~r S ..\




o -

2. upper limit which will interfere with biological system
(100+ mg/L); and,

3. maximum dilution effect based on total moisture present
(90 L in recycle and 60 L in single pass cells).

Based on these criteria, the addition of 200 mg and 125 mg Li t>
the recycle and single pass cells, respectively, was expected to yiz2ld
a minimum increase of about 2 mg/L Li in all cells, or well above the
minimum detectable limit for the AA. Therefore, these spikes were
added and the leachates were analyzed for lithium.

On Day 373, an additional lithium tracer study was conducted to
again inspect flow patterns after the acid formation phase and most of
the methane fermentation phase for the recycle cells and also washout
for the single pass cells had been completed. Based upon AA analyses,
the recycle cell leachate contained 6-10 mg/L Li, whereas in the single
pass cells, leachate background levels were about 0.01 mg/L Li.
Therefore, the single pass cells were selected for addition of 200 mg
of Li to each cell. This addition was based on dilution rates (6 L per
week) and indicated retention time (14-16 weeks) to yield an increase
in leachate Li level of about 3.3 mg/L.

Sludge Seeding and Acclimation

To facilitate initiation of methane fermentation, supernatant from
a digested sludge sample obtained from an anaerobic digester at the
R. M, Clayton Wastewater Treatment Plant in Atlanta, GA was added to
each of the four simulated landfill cells. The seed sludge supernatant
characteristics are presented in Table 6. This seeding procedure was
initiated on Day 209 when one liter of sludge supernatant was added to
the top of the refuse in each of the four simulated landfill cells. On
Day 210, approximately one liter of leachate was then recirculated in
the recycle units, while the single pass cells received three liters of
deionized water. Since no measurable gas was produced over the
following 10 days, the cells were reseeded and approximately 10 liters
of leachate were again recyled in Cells 1 and 2, while six liters of
deionized water were added to Cells 3 and 4, This procedure was
followed in 12 hours by the aadition of 1.2 liters of digested sludge

to each of the four cells. .
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Table 6. Analysis of the Digested Sludge Supernatant Added
to All Four Simulated Landfill Cells during Seeding

Parameter Analysis

Chemical oxygen demand, mg/L 546
Biochemical oxygen demand, mg/L 58
Total organic carbon, mg/L
Volatile acids

Acetic, mg/L

Propionic, mg/L

Total solids, mg/L

Volatile solids, mg/L

Alkalinity, mg/L as CaCO3

pH

Conductivity, umhos

Since no measurable gas production was again observed throughout
the following week, a new batch of digested sludge was obtained from
R. M. Clayton Plant on Day 226. Using the new sludge, all four cells
were similarly seeded on Day 227. Measurable gas production was
observed almost immediately in all four cells. However, gas production
rate decreased significantly in the recycle units shortly thereafter,
indicating possible depletion of substrate in those units. Therefore,
on Day 233, two liters of leachate were recycled in Cells 1 and 2,
although measurable gas production ceased again on the following day.
Since this behavior in the recycle cells indicated the possible
inhibition of methane fermentation by the low pH and high strengtn
leachate, all four cells were again reseeded on Day 238.

In order to provide a more effective seeding and acclimation and
to stimulate methane fermentation without concomitant inhibition by the
low pH and by high strength leachate, incremental increases of leachate
recirculation were scheduled by observing assoclated increases in gas
production. In addition, to help reduce the adverse effects of low pH
on the methane forming bacteria, a 1.5 N sodium carbonate solution was

utilized to raise the pH of the recycled leachate to 6.5. Accordingly,
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a small initial recycle ate of 50 mL of leachate per day was followed
by rate increases of 25-50% until on Day 297, the recycle rate
maintained for the recycle cells equaled the rate used during the acid
formation phase (nearly 25 liters per week) without apparent adverse
effects on acclimation and development of a viable methane forming
population. Therefore, between Day 297 and 304, sodium carbonate
addition wés also decreased incrementally until on Day 304, daily
recirculation without sodium carbonate addition was initiated and the

. methane fermentation phase became firmly established.

ANALYTICAL METHODS

Waste Analysis

$ The shredded municipal refuse samples were stored in widemouthed,
screw-topped glass jars at 4°C until analyzed. Just before analysis,
the samples were ground using a Standard Model No. 3 Wiley Mill (Arthur
H. Thomas Company, Philadelphia, PA) with a medium screen (5-mm
obening). The ground sample was spread on a plastic sheet and split

! twice to reduce the sample size (refer to Figure 7).

} Final sample

Y FIGURE 7: WASTE SAMPLE SPLITTING PROCEDURE.

‘ This sample for analysis was placed in a polyethylene jar, while the
unused portion was returned to the original glass container.
The moisture content of the refuse was measured as the difference
between a 10-g portion before and after drying under a heat lamp (Ohaus
y Moisture Determination Balance) to a constant weight.
Volatile solids were measured by heating a weighed amount of

refuse in « fired crucible to 550°C in a Fisher Isotemp Muffle Furnace
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(Model 186) for 30 minutes., The remaining residue was reweighed after

cooling;

<l

Calorific values were obtained using an oxygen bomb calorimeter

B
-

(Parr Manufacturing Company) following manufacturer instructions.
. Elemental analysis (C, H and N) was performed with a F&M Carbon

J Hydrogen Nitrogen Analyzer (Model 185) using micromilled 0.5-mg samples

- o

of waste dried at 110°C. Blanks and standards of known elemental

“o

composition were aiso aﬁalyzed for calibration.

Gas Analysis

i i

The gas produced by the simulated landfill cells was collected and
0 analyzed for quantity and composition. The amount of gas was measured
using Hastings Mass Flow Transducers during the initial period of the
investigations, but these were replaced with gas burets to ..onitor gas

production throughout the remainder of the experimental studies. The

PN

buret solution was a dyed solution of NapSOy acidified with HpSOy as

recommended in Standard Methods (26). The gas composition was analyzed

»
-

using a Fisher Scientific Gas Partitioner (Mondel 25V) and a Fisher

ey

Scientific Thermal Stabilizer (Model 27) with helium or argon as the

carrier gas. This procedure provided percentages of COp, 0p, N2, and

'y M)

CHy in the éas samples.

Leachate Analysis

Leachate samples from each of the simulated landfill cells were

S AAN

collected at least once a week and characterized for gross parameters,

metals and trace organic priority pollutants when detectable.

R

Gross Parameters. The gross parameters included chemical oxygen

. p g

demand (COD), five-day biochemical oxygen demand (BODs), total carbon

(TC), total inorganic carbon (TIC), total organic carbon (TOC), total
alkalinity, conductivity, pH, oxidation-reduction potential (ORP) and
total and individual volatile crganic acids. Sulfides were measured

periodically to confirm their presence under reducing conditions and

Py i 4P

nutrients (POy and NH3) were also measured to determine sufficiency for
biodegradation.
[ TC, TIC, and TOC were determined by injecting leachate samples

filtered through a 0.45- m membrane filter into a Beckman Total Organic

s

'\ Carbon Analyzer (Model 915, Fullerton, CA). pH and ORP were measured

with a Fisher Accumet pH Meter (Model 610). Conductivity measurements

e e a & 0 A
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were performed using a Yellow Springs Instrument Company Conductivity
Bridge (Model 31, Yellow Springs, OH). Sulfides were analyzed using the
Fisher Accumet pH Meter (Model 619), an Orion Double Junction Reference
Electrode (Model 90-02); and an Orion Sulfide Electrode (Model 941600).
The concentrations of volatile organic acids were measur<d using a
Hewlett Packard Gas Chromatograph (GC) (Model S57T10A, Avondale, PA)
equipped with a Flame Ionization Detector (FID). Integration of the
peaks was performed by an accompanying Hewlett Packard Integrator
(Model 3380A). The glass packed column used to separate acetic,
propionic, isébutyric, butyric, isovaleric, valeric, and hexanoic acids
was 2m long x 2mm ID (3% carbowax 20 M, 0.5% phosphoric acid on
carbopack B (60/80 mesh). Leachate samples were filtered through a
0.45-um membrane filter,vacidifled to pH 2 with concentrated HCl, and
diluted prior to injection of 1-ul, samples. The typical operating

conditions for the GC were:

Injection temperature 150¢°C
Detector temperature (FID) 250°C
Oven program Initial temperature 110°C;

increase to final temperature
of 170°C at rate of 8°C/minute;
and, hold 170°C for 32 minutes.
Carrier gas N> at 40 mL/minute
Remaining analyses of gross parameters were performed according to
Standard Methods (26) and inciuded:

COD =~ Oxygen Demand (Chemical) - Method 508

BODgs - Oxygen Demand (Biochemical) - Method 507

Total Alkalinity = Alkalinity - Method 403 (titrate to pH 3.5)

POq'3 - Ascorbic Acid Method - Method u425F

NH3 - Phenate Method - Method 418C

Metals. Leachate samples were also analyzed for the following
metals: Ca, Na, K, Mg, Mn, Fe, Ni, Cr, Cd, Cu, Zn, Li and Pb. The
concentration of each metal was determined using a Perkin Elmer Atomic
Absorption Spectrophotometer (AA) (Model 303, Norwalk, CT). %3ekly
50-mL samples of leachate were acidified to pH < 2 with concentrated
HNO3 and stored in polyethylene bottles, These samples were digested
prior to total metal determination using a proven technique for

leachate samples described in the Appendix A.
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Organic Priority Pollutant Analysis

The analytical scheme for determination of trace quantities of
selected organic pnllutants in leachate samples was based on previous
experiences with sewage and sludge samples (7). This scheme, shown in
Figure 8, commences with pH adjustment of 100-mL samples to less than 2
using HCl. This promoted the recovery of acid and neutral extractatle
organics, the fraction of interest in this investigation.

A steam distillation vapor extractor was used to extract the
organics with methylene chloride, because steam distillation has major
advantages over the use of separatory funnels or other extraction
methods in its ability to overcome emulsion problems and its excellent
trace organic recoveries. With this apparatus (Figure 9), the aqueous
sample and methylene chloride are boiled at ambient pressures in
separate reservoirs., The vapors from each mix and the combined
distillates fall into a separation cnamber and the respective liquids
return to their vessels.

The next step in the analytical scheme involved the concentration
of the methylene chloride phase to 1 mL using a Kuderna-Danish (K-D)
apparatus. Gel Permeation Chromatography (GPC) on BioBeads SX-12 was
used to separate the phenolic priority pollutants from other
co-extracted interferences such as the volatile organic acids. The
effectiveness of this "cleanup" procedure has been demonstrated for
synthetic solutions containing C7, Cg and Cq9 volatile organic acids and
phenolic priority pollutants, and for actual leachate samples during
the acid formation phase (7). Next, the "phenol neutral" fraction was
concentrated to 1 mL using the K-D apparatus and nitrogen evaporation.
Lastly, the sample was analyzed with a Finnigan Automated Gas
Chromatography/EI-CI Mass Spectroscopy System (GC-MS).

A Quality Assurance/Quality Control (QA/QC) Program for this trace
organic analysis was maintained throughout this study. It consisted of
initial method verification for selected organic priority pollutants
and surrogates in leachate samples, determination of recovery effi-
ciencies, and analysis of blanks and controls. Surrogate compounds
(deuterated forms of organic priority pollutants under investigation
such as phenol-dg and 1,4-dichlorobenzene-dj) were used to monitor the

analytical operations and were added to samples just before steam
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Leachate Sample
3 (100-mL)

',

D W)
-

Adjust pH (2 with HC1

Y
Extract organics by
steam distillation using

methylene chloride

" i

‘oo
.

il gl

Aqueous Phase Methylene Chloride Phase
_; Discard Concentrate to l-mL by
> Kuderna-Danish (K-D)
apparatus

Low pressure liquid chroma-
N tography (SX-12 BioBeads)
to separate volatile
organic acids from sample

Volatile Organic Acid Collect “"Phenol-Neutrals™
f fraction fraction
i Discard Concentrate to l-mL by K-D
. apparatus and nitrogen
evaporationl
Analyze by GC or GC-MS

FIGURE 8: ANALYTICAL SCHEME FOR DETERMINATION OF TRACE LEVELS
OF ORGANIC CONSTITUENTS IN LEACHATE.
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distillation. The majority of the QA/QC program followed steps
established by EPA (10) and this laboratory in an early survey for the

presence of priority pollutants (7).
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. RESULTS AND DISCUSSION

Graphical representations of the results of analyses performed on
leachate and gas samples collected from the four simulated landfill
q cells during the acid formation and methane fermentation phases over a
period of about 450 days are presented in this section and tabulated in
Appendix B. Day O corresponds to March 12, 1985 or the time of initial

leachate production.

REFUSE COMPOSITION

The municipal solid waste from the DeKalb County, GA Refuse
Shredding Facility had an average moisture content of 33.4%. This was
determined from four triplicate samples with respective moisture
contents for Cell 1 = 33.6%, Cell 2 = 35.0%, Cell 3 = 32.1% and Cell 4
i = 33.0%4. The volatile solids content averaged 81.2% for the dried
waste or 86.3% as received. Calorific values of 4261, 4367, 4354 and
4488 calories/g dry solid waste for Cells 1, 2, 3 and 4, respectively,
were also determined with corresponding elemental analyses for C, H, N
K averaging 46.63% C, 5.09% H, and 0.66% N. Each cell contained
approximately 54.6 kg dry weight of solid waste packed in a volume of
170 liters (482 kg/m3 as loaded).

All of these waste parameters were comparable to past results for
. municipal refuse. In previous studies, Pohland (17) used the same

waste source and determined an average moisture content of 33.5%,

a's a o X

volatile solids of 75.5% (dry weight), 4310 calories/gram of dry waste,
and elemental analysis of 45.3% C, 5.46% H, and 3.33% N.

-2

TEMPERATURE
A The internal cell temperatures varied with the ambient room
: temperature which was moderated by seasonal fluctuations as indicated

h in Figure 10 (Table B1 in Appendix B). However, temperatures remained
., between about 29 and 35°C throughout the majority of the study, with
g the greatest departure from this range being experienced during the
winters of 1985 and 1986. Overall, this temperature range was
. considered satisfactory as has been shown for mesophilic anaerobic .

digestion systems (12).
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LEACHATE ANALYSIS

The leachate from the simulated landfill cells was sampled and
analyzed for gross parameters, metals, and organic priority pollutants.
The results of these analyses are presented and discussed in the
following section.

Organic Strength Parameters

The concentrations of chemical oxygen demand (COD), 5-day
biochemical oxygen demand (BODg) and total organic carbon (TOC)
indicate the relative organic strength of the leachate generated
throughout the phases of landfill stabilization. The results of COD,
BODg, and TOC for tne simulated landfill cells ére shown in Figures 11
through 13 (Tables B2 through B5 in Appendix B).

As expected, all three of these indicators followed similar trends
throughout both the acid formation and methane fermentation phases.

For the single pass cells, the leachate COD initially decreased rapidly
to a constant range near 32,000 mg/L by Day 10, followed by a small
increase at Day 45 and a larger increase at Day 55. These initial
increases were probably attributable to additional-saturation of areas
within the waste mass not previously saturated and leached, resulting
in higher apparent concentrations of soluble organics in the leachate.
This interpretation was also supported by an initial lithium tracer
study which displayed similar background increases in concentration
during this period, particularly for the single pass cells, as
illustrated in Figure 14, The single pass cells were initially more
susceptible to such flucﬁuations, since a smaller volume of water was
spread over the same surface area and provided less opportunity for
complete saturation of the waste mass.

The results of the initial lithium tracer study are displayed
along with the predicted dilution effects in Figure 14 (Tables B6
through B9 in Appendix B). These predicted curves were based on an
initial lithium concentraﬁion of 15 mg/L which was diluted throughout
the tracer study based on water addition to the cells. As indicated in
Figure 14, the background concentration of lithium in the leachate
samples from all four cells was unexpectedly high at 6-15 mg/L. (To
ensure that this response on the Atomic Absorption Spectrophotometer

was not due to interference from other sources, inn chromatography was
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used and the presence of greater than 5 mg/L lithium was confirmed.)

Although this background lithium concentration complicated the
tracer study, valuable information could still be obtained from the
study. If all the liquid in the system was exposed to the lithium
spike, the average increase in lithium concentration would have been
2.0 mg/L for the recycle cells and 1.7 mg/L for the single pass cells.
During operation, the recycle cells both experienced a 2 mg/L increase
in lithium concentration, indicating total or very nearly total
dilution took place. As has been already mentioned and will be
illustrated subsequently for the single pass cells for the other
measured parameters, increases in concentration around Day 45 were
probably due to the leaching of additional areas of waste within the
single pass cells. This increase had to be separated from the increase
due to the addition of the lithium spike. Therefore, using sodium
(Figure 15) as another conservative tracer, the increase due to the
leaching of additional solid waste mass was subtracted from the total
single pass lithium curves in Figure 14, The remaining increase in
lithium concentration resulted in an average of 1.9 mg/L increase due
to the lithium tracer spike. This increase means that 81% dilution of
the lithium spike occurred throughout the liquid within the cell.
Although 81% is less than for the recycle cells, it indicates excellent
distribution and minimal shortcircuiting considering the small volume
of water (6 liters) added weekly to the single pass cells,

After the increase in lithium concentration due to the spike (Day
30), the concentration of lithium in the recycle cells remainad steady
as would be expected with no new water addition. The concentration of
lithium in the single pass cells decreased as predicted based on 6
liters/week water addition and the predicted curve remained parallel to
the actual single pass curve.

The initial tracer study can be used to help explain dilution
effects on all leachate analyses, including effects on organic priority
pollutants concentrations. Based on the plot shown in Figure 14, the
residence time for the single pass cells at this point of the study
appeared to be about five weeks (35 days).

After Day 55, the production of COD in the single pass celis

appeared to be dominated by the washout of organics and the COD
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concentration decreased accordingly to about 4000-5000 mg/L by Day 190.
A small but perceptible and sustainad increase was also noted on Day
280, which may have been due to further degradation of more refractory
organics after the onset of active methane fermentation (around Day
275).

The early increase in COD for the recycle cells arocund Day 20 was
probably due to more complete saturation of the waste mass. However,
after Day 30, the COD values for the recycle cells remained fairly
constant at about 26,000-30,000 mg/L for an extended period of time,
thereby indicating that the system had equilibrated in the acid
formation phase which is further substantiated by the prevailing high
concentrations of volatile acids (Figure 16). However, on about Day
298, after the systems had been seeded with digested sludge, a dramatic
decrease in COD to the 1,000-1,500 mg/L range occurred. As will be
discussed later, this was attributed to in situ treatment provided by
leachate recycle under conditions conducive to methane fermentation.
The rapid rates of COD removal observed for the recycle Cells 1 and 2
were, thereby, enhanced by the continuing exposure of the bacterial
populations to the daily recirculated leachate. Since CO» and CHy
constitute the major final products of such a process during anaerobic
stabilization, the amount of gas produced also paralleled the rate and
degree of organic removal as also indicated by the weekly and
cumulative gas produced by the recycle cells (Figures 17 and 18 and
Tables B10 and B11 in Appendix A).

It is interesting to note that the rapid rate of COD removal for
the recycle cells was curtailed somewhat between Days 330 and 350.
This same change was also indicated and magnified by the BODg (Figure
11), TOC (Figure 12), and total volatile acids (Figure 16)
concentrations as well as pH (Figure 19). During this period,

propionic acid specifically increased (Figures 20 and 21) as hexanoic

acid decreased as compared to the single pass cells (Figures 22 and 23).

Since the possibility of a system upset was first suspected, daily
recirculation was curtailed for a period of about a weex [(Day 346 to
Day 352). Through the following week, only half of the collzacted
leachate in each recycle cell's reservoir was recirculated daily,

Furthermore, possible clogging-induced shortcircuiting was considerad
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as another possible explanation for the aforementioned behavior.
Therefore, a second tracer study was initiated on Day 373 for the
simulated landfill system.

Although the tracer study was primarily intended to provide a
better understanding of flow characteristics within the systems and
also to permit an examination of dilution effects, it could also be
used as a basis for comparing residence times during the acid formation
and methane fermentation phases of stabilization. Unfortunately,
lithium concentration existing in the recycle cells had remained high
and in the range of 6-10 mg/L as compared to a 0.01 mg/L concentration
for the single~pass cells, Also, it was possible to determine the
moisture balance for the éingle pass cells more easily than for the
recycle cells. Therefore, it was decided to initiate the Li tracer
study on the éingle pass cells, with the assumption that flow patterns
could be considered similar during the terminal phase of stabilization
for the single pass and recycle cells,

Based on moisture content of the waste placed in the simulated
landfill cells and the weekly schedule of water addition to the single
pass cells (6 L per week), 200 mg of Li was added to each single pass
cell. If all the liquid in the system was exposed to the Li spike, the
average increase in Li concentration would have been 3.3 mg/L in each
cell. Also a residence time of 14=16 weeks was determined based on the
volume of solid waste and the scheduled water addition for the single
pass cells.

The résults of this L1 tracer study for the single pass cells are
presented in Figure 24 (Table B12). The peak increase in Li
concentration for the control singie pass cell (Cell 3) was
approximately 1.7 mg/L, whereas the peak Li concentration for the
spiked single péss cell (Cell 4) was nearly 3.2 mg/L. Both peaks were
observed nearly 12 weeks after the tracer study was initiated and,
although the tracer study was not totally complete at the time of this
report, an increase of 2.7 mg/L in Cell 3 indicated a 76% dilution of
the L1 spike had occurred as compared to an increase of 3.2 mg/L or 99%
dilution in Cell 4. Therefore, both cells demonstrated ah excellent
distribution and minimal shortcircuiting considering the small volume

of water (6 liters) added weekly to each one.
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Based on the results of the second tracer study, clogging or
shortcircuiting was not considered a major factor in influencing
changes in parametric analyses despite an indicated three-fold increase
in residence time from the five weeks initially measured. This
increase was no doubt due to biological growth and consoiidation within
the landfill cells.

To provide foﬁ more meaningful comparison of single pass and
recycle management options, the organic strength or concentration
should be multiplied by the volume of leachate involved to obtain total
masses of contaminants. Therefore, the cumulative mass of COD produced
by each system was caléulated in accordance with the procedure included
in Appendix C. As shown in Figure 25 (Tables B2 through B5 in Appendix
B), the mass of COD generated from the single pass cells was about
four times that of the residual mass for the recycle cells., Likewise,
the COD concentration (mostly TVA) in the recycle cells appears to have
reached an initial saturation level and then declined significantly as
methane fermentation became operative. The total mass available, as
reflected by the single pass cells, suggested additional production
(COD and TVA) as gas production proceeded. The delay or dampening of
the magnitude of waste conversion because of the accumulation of
conversion products such as the volatile organic acids is often
acknowledged when end-product repression occurs (32). Figures 26
through 28 show similar trends for masses of BODg, TOC and TVA where
the same pattern was noted.

Some researchers have advocated the use of ratios of the organic
strength parameters rather than actual concentrations (4). The
BOD5/COD ratio has been used as an indicator of biochemical
treatability, and leachate with high BODg/COD ratios (greater than 50%)
would be presumed amenable to biological conversion. The single pass
and recycle cell leachate BOD5/COD ratios of 55 to 75% declined
dramatically to about 20% by the end of the study period, thereby
indicating a removal of readily biodegradable substrates by washout and
microbially mediated stabilization.

The COD/TOC ratio is sometimes used as an indicator of the
oxidation state of the organic carbon and the degree of stabilization

that has occurred. Low COD/TOC ratios indicate that the organic carbon
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is in a higher oxidation state, with less energy available for growth.
The COD/TOC ratio for the single pass and recycle cell leachates was
high at the onset of the investigation, indicating an abundance of
energy available for growth. Toward the end of the studies, this ratio
changed but was influenced by the chemically reduced conditions
prevailing in each cell.

Volatile Organic Acids

The most identifiable and abundant leachate intermediates formed
during the initial stages of landfill stabilization are the volatile
organic acids (VOA). Those monitored in this study included acetic,
propionic, isobutyric, butyric, isovaleric, valeric and hexanoic acids.
The total volatile acids (TVA) represent the accumulation of the
individual volatile organic acids converted to "mg/L as acetic acid" by
adjusting for differences in molecular wzight.

As introduced previously, the TVA concentrations in the leachates
from the simulated landfill cells (Figures 16 and 28) showed trends
similar to the other organic strength indicators (COD, BODg, and TOC).
The recycle cells appeared to have achieved more complete saturation
around Day 20-40, generating higher TVA corresponding to higher COD
during that time. After Day 40, TVA concentrations leveled off as the
recycle cells equilibrated in the acid formation phase. These
concentrations then decreased from maximum levels of about 15,000 to
16,000 mg/L on Day 250 to 50 to 100 mg/L on about Day 450 as methane
fermentation became active (Figures 17 and 18). This removal of TVA
was also accompanied by an increase in pH (Figure 19) to a near neutral
range as will be discussed subsequently.

The leachate TVA concentrations for the single pass cells also
leveled off from Day 20-45 and then increased from Day U45-58 as more
complete saturation of the waste mass seems to have occurred and
increased quantities of organics were leached from the refuse. After
Day 58, the TVA of the single pass cells steadily decreased, indicating
that washout of the easily leached organics had become dominant. The
single pass cells reached their maximum TVA of 17,500 and 17,400 mg/L
as acetic acid for Cells 3 and 4, respectively, just before washout
began dominating around Day 58. This later date for maximum TVA was

another indication of less complete saturation in the single pass cells
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during the early part of the experimental studies. Thereafter,
concentrations tended to remain nearly constant at 2,500 to 5,000 mg/L
which corresponded to the slower development of methane formers and the
possible further conversion of the more resistant fractions of the
refuse mass.

Volatile organic acids constituted the majority of the chemical
oxygen demand during the acid formation stage. For example, 75-90% of
the leachate COD from the recycle and single pass cells were
accountable to the volatile organic acids. As the TVA were removed
either by washout or methane fermentation, less impact on COD (or BODg
and TOC) was noted.

Figures 20 through 23 and 29 through 32 (Tables B2 through B5 in
Appendix B) display the individual volatile organic acids (VOA) in the
leachates from Cells 1, 2, 3 and 4, respectively. The cells with
similar management strategies, i.e., recycle or single pass, had very
comparable trends for individual VOA. The recycle cells, Cells 1 and
2, showed initial increases in all VOA from Days 15-20 with maximum
values for the primary volatile organic acids being measured around Day
20 (11,500 and 12,600 mg/L butyric acid, 5,900 and 6,200 mg/L acetic
acid, and 2,800 and 2,700 mg/L propionic acid for Cells 1 and 2,
respectively). From Day 20 to 45, the butyric acid concentration
decreased dramatically to 3,000-4,000 mg/L at which point it leveled
off. Proplonic acid decreased slightly after Day 25 to 1,600-1,800
mg/L after which it was relatively constant. The acetic acid
concentration increased slightly as butyric acid concentration started
to decrease; however, it quickly leveled off and accounted for little
of the decrease in butyric acid. Since no gas production or other
indication of further degradation to final end-products was evident, at
this stage of the investigations, the butyric acid concentration peaks
were difficult to account for. However, their presence was consistent

with the increase in COD during Days 15-30. After about Day 275,

active methane fermentation led to a dramatic decrease in all VOA
concentrations as also reflected in the TVA.

The VOA concentrations in the single pass cells gradually

increased to maximum values around Day 58 at which point washout began

dominating. Butyric acid was the primary VOA with maximum
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concentrations of 9,700 and 10,500 mg/L for Cells 3 and 4, respectively.
Maximum acetic acid concentrations of 7,000 and 6,600 mg/L and
propionic acid concentrations of 3,200 and 3,000 mg/L for Cells 3 and
4, respectively, were also measured. Between Day 250 and 450, a slight
increase in concentrations of the primary acids (acetic, propionic and
butyric) was observed for both cells. This behavior corresponded to
the onset of the methane fermentatioh phase., Acetic acid was the
primary VOA with maximum concentrations of 3,7H4 ind 4,207 mg/L for
Cells 3 and 4, respectively. Between Day 68 and 120, the concentration
of butyric acid was measured as the next highest leachate acid in both
cells. However propionic acid concentration measured higher than
butyric after Day 120 in both single pass cells,

As previously discussed for organic strengih indicators, the
concentration of TVA or VOA does not always reflect the actual quantity
of volatile organic acids present or generated, since it does not
include the volume of leachate involved. Therefore, the mass of TVA as
well as mass of VOA for each cell were calculated. These data (Figures
28 through 32) again indicate that the recycle ceils were saturated
with VOA which repressed further production as indicated previously for
COD. As microbial conversion to methane was initiated, the TVA and VOA
conéentrations remained nearly constant for a period of about 25 days,
indicating that additional concentrations of VOA were produced by the
acid formers for ultimate conversion to gas. As methane production
rates increased, the relative concentrationé of VOA began to be
depleted.

In ihe single pass cells (Figures 28, 31 and 32,, the VOA were
flushed out of the system each week and, although the concentration
tended to be the same as for the recycle cells during active acid
formation, the total mass of TVA produced and released without
conversion to gas from the single pass cells was much greater. Such a
release would have important environmental impact ramifications.

Hexanoic acid was of particular interest due to the differences in
levels observed between the two management alternatives. The
concentration of hexanoic acid in the recycle cells was negligible
until Day 25, after which it increased to 2,000-3,000 mg/L. This

concentration was then maintained until methane fermentation was
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established and flourished. However, in the single pass cells, the

hexanolc acid concentration was negligible until Day 50. Even after
this point, concentrations were less than 500 mg/L. Therefore, when
converted to mass terms, the recycle cells generated far more hexanoic
acid than the single pass cells during the acid formation phase of
landfill stabilization.

The production of hexanoic acid, although not usually reported,
has been measured in other studies (1,13,22). However, the high
concentrations which developed in the leachate from the recycle cells
during acid formation was unusual. Therefore, to confirm its presence,
the GC peak labeled as hexanoic acid was checked by analysis on a GC
with a capillary column and matching the retention time of the peak
against a hexanoic acid standard.

High concentrations of hexanoic acid have been detected in
leachate from freshly placed refuse by others. Rees (22) mentioned a
concentration of 3,700 mg/L of hexanoic acid and its probatle
generation from the cellulose fraction of the waste. Andrews and
Pearson (1) discussed volatile acid production in anaerobic
fermentation processes and found that hexanoic acid was formed, but
only in low concentrations, McCarty, Jeris and Murdock (13) reported
that the formation of several higher acids may be expected. However,
these acids were expected to be at lesser concentrations than the major
volatile organic acids (acetic, propionic and butyric acids).

Examining the volatile organic acid concentrations for the recycle
cells, it appears that the increase in hexanoic acid corresponded to
the decrease In butyric acid. One possible explanation would be the
formation of hexanoic acid by the condensation of butyric acid with
acetic acid. McCarty, Jeris and Murdock (13) noted that the result of
suddenly increasing the rate of butyric acid feed to an anaerobic
digester was the appearance of the next higher even carbon acid,
hexanoic acid. The possibility of a process upset due to too high
leachate loading as previously mentioned is in agreement with this
finding. It was also reported that the higher acids were formed during
the breakdown of the major volatile organic acids.

On Day 14 of this study, about 90 grams of butyric acid were

present in the leachate of each of the recycle cells. On Day 24, this
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had increased to about 240 grams of butyric acid. Thererore, this
increase in butyric acid may have promoted the formation of hexanoic
acid and the concomitant decrease in the concentration of butyric acid.
Moreover, the additional contact opportunity provided by leachate
recycle may also have encouraged a greater degree of hydrolysis of the
cellulosic fractions of the waste, Sludge seeding to encourage the
onset of methane fermentation may-also have favored more effective
acclimation to the available substrates, including the hexanoic acid.
pH

The pH throughout the acid formation phase was less than 6.0 as
illustrated in Figure 19. After an initial low of 4.8, the pH »
increased to 5.8-6.0 on Day 5. The pH then decreased to 5.3 as the
volatile organic aéid concentﬁations increased and persistéd. After
Day 20, the pH remained constant between 5.0 and 5.5 until Déy 300.
This low pH is typical of the acid formatién phase‘and, if the system
is totally saturated with acids as appeared to be the case for the
recycle cells during the extended acid formation phase, the anaerobic
methane forming microorganisms may be inhibited and the conversion of
VOA to methane will be delayed. The limited number of methane formers
originally present in the refuée, the exclusion of soil as a cover
material to provide such a seed, and the introduction of air during
loading also may have limited the establishment of a viable population
of methane formers to the extent that seeding with digested sludge was
indicated as necessary to encourage the onset of the methane
fermentation phase. Likewise, with the single pass cells, the low pH
reflected also a wéshout of available buffer capacity as alkalinity was
removed (see Figure 33).

Since the pH is moderated by the presence of volatile organic
acids, it also reflects the predominant buffer system. At low pH, the
leachate may be characterized by an abundance of low molecular weight
volatile organic acids and its buffer capacity may be governed by the
pK values of the conglomerate of volatile acids present. For acetic,
propionic and butyric acids, these pK values are near 4.5 or the
mid-point of the buffer curve. In a sense, therefore, the generation

of volatile organic acids during acid formation is analogous to an
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in situ acid-base titration with the pH decreasing as the acids

concentrations increase and displace the normal bicarbonate buffer

system. In contrast, increases of pH to near neutral as occurred

during.methane fermentation reflect decreasing volatile organic acid

concentrations accompanied by a shift of buffer system from that of the

{ VOA (acetate) to bicarbonate.

! After sludge seeding, aﬁ increase in pH from 5.5 to near 5.9 was

observed for both cells between Day 300 to 350, Ho&ever, the périod

between Day 330 and 350 was marked by a decreaée of pH from 5.9 to the

5.0-5.5 range. This change corresponded to the period when both acetic

) and proplonic acid concentrations increased in Cells 1 and 2 (Figures

' 20 and 21) and could be attributed to possible upset or additional

[ productibn of VOA in these systems as discussed previously. However,
the pH increased steadily from the 5-5.5 range to near neuﬁral range
within a two-week period following Day'350. This increase was
attributed to the establishment of a viablé methane producing
population which in turn utilized the existing pool of volatile organic
acid to produce COp and CHy (Figures 17 and 18) and allowed for
increased pH values as the dominant bﬁffer system shifted from acetate
to bicarbonate.

Alkalinity
For landfill leachate, total alkalinity measurements reflect the

relative presence of acids and bases such as HpCO3, HCO3', CO3'2, TVA,
phosphorus and ammconia. The total alkalinity of leachate during the
acid formation phase ié dominated by the volatile organic acids and the
associated buffer system due to the high concentrations present and the

) fact that they are stronger acids than those constituting the
bicarbonate buffer system. The total alkalinity concentrations are

‘ presented in Figure 33 (Tébles B2 through B5 in Appendix B).

For the single-pass cells, the total alkalinity fluctuated with
changes in TVA during the period of equilibration and between Day 70
and 100. However, total alkalinity declined from 5,800-6,400 to
1,000-1;500 mg/L as CaCO3 between Day 100 and 275 due to washout.
Subsequently, a small increase followed by a nearly constant total
alkalinity was observed between Days 275 and U425 for the single-pass

cells. The increase in alkalinity corresponded to the increase
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observed for TVA values during this period and was probably related to

some increase in bioconversion, including methane production.

After an initial equilibration, the total alkalinity measured for
the recycle cells increased steadily from 7,000 to 9,000 mg/L as CaCO3
between Day 140 and 240. The exhibited trend for the recycle cells
closely paralleled the steady increase observed in TVA during the same
period (Figure 16) and would be expected, since the TVA contribute to
the total alkalinity as measured.

As indicated previously (MATERIALS AND METHODS), Day 240 was the
first day of the period when sodium carbonate solution was added to the
leachate of the recycle cell for pH adjustment purposes and Day 304 was
the last day on which this alkalinity addition was provided. The added
alkalinity during this period accounted for an increase followed by a
period of slight decrease in the measured total alkalinity when the
corresponding TVA exhibited a continuing declining trend. A small
increase was also noted around Day 300. This increase was attributable
to an increase in acetic and propionic acid concentrations in both
cells (Figures 20 and 21). After Day 310, the total alkalinity in both
recycle cells declined rapidly as volatile organic acids were converted
to CHy and COp by the methane forming bacteria. This behavior,
accompanied by an increase in pH, also indicated a shift of buffer
system from acetate to bicarbonate in both recycle cells.

Conductivity

Conductivity is a measure of the ability of a solution to conduct
a current. Electrical current i3 transported through the solution by
the movement of ions and the conductivity increases as the ionic
strength increases. The activity coefficient for reactive species
decreases as ionic strength increases, resulting in greater solubility
of ions in solutions 3such as leachate than in more dilute systems.
Therefore, conductivity is a measure of the ionic species present and
exhibits a direct relationship with TVA and alkalinity and an inverse
relationship with pH. The conductivity of the leachate samples
collected from the recycle and single pass cells is included in Figure
34 (Tables B2 through B5 in Appendix B). For the single pass cells the

conductivity started increasing on Day 34 to a maximum value of 14,000

umhos on Day 51 and remained higher than the recycle cells until Day T70.
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t At this point, washout began to dominate the single pass cells and the
Iy conductivity decreased from about 11,000 to 2,300 umhos on Day 165.
The rapid decline in conductivity coincided with the rapid washout of
VOA; washout and precipitation/sorption of other ionic species also
contributed. After Day 165, conductivity remained relatively constant
at 2,300 to 3,000 umhos as some microbially mediated activity promoted
conversion and release of constituents to the leachate to offset
dilution effects.

After an initial period of equilibration, leachate conductivity

for the recycle cells varied between 6,000 and 12,500 umhos from Day 75

- 8 a8 aLs

to Day 325, which variation tended to parallel trends exhibited for the

TVA during the acid formation phase. Thereafter, methane fermentation
removed the TVA and the conductivity decreased concomitantly.

Oxidation-Reduction Potential

Oxidation-reduction potential (ORP) is a measure of the oxidation
state of the system. Once the trapped air introduced with the refuse
. was depleted, the simulated landfill systems became anoxic or anaerobic
and the ORP became negative,

The leachate ORP for this study indicated reducing conditions
immediately on Day 0 as shown in Figure 35 (and Tables B2 through BS in
Apperdix B). However, the readings for all four cells gradually
increased toward positive values as the study progressed. Possible air
leaks in the cells were initially suspected to account for these
increases; however, pressure testing confirmed the integrity of all
cells, Since eventual introduction and use of new ORP probes yielded
more negative readings, the increases noted were considered due to
analytical difficulties even though the old probes had been conditioned
before use. Therefore, although the initial ORP readings presented in
Figure 35 were not as negative as expected, reducing conditions within
the cells were generally prevalent, particularly when methane
fermentation was established. Decreases in the ORP for the single pass
and recycle cells from -75 mV on Day 235 to a generally constant value
of -200 mV on Day 300 and -75 mV on Day 235 to -250 mV on Day 350,

) respectively, ensured reducing conditions conducive to conversion of
leachate and waste constituents during the anaerobic methane

fermentation phase.
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Sulfides

Sulfides are another indicator of the presence of reducing
conditions within the landfill environment. Sulfides are produced
during anaerobic decomposition from the reduction of sulfates and other
sulfur-containing inorganic compounds as well as from anaerobic protein
degradation. 1In the $72 form, sulfide is such a powerful precipitating

agent that even at low pH values and very low sulfide concentrations,

most of the sulfide generated is bound to heavy metals as metal
sulfides. Therefore, sub-milligram per liter levels of total dissolved

sulfides at relatively low pH provides an in situ reservoir of a strong
precipitating potential.

Since reducing conditions are particularly prevalent during the
later stages of landfill stabilization, sulfides were only periodically
analyzed during the acid formation phase until the presence of sulfides
was detected. The results of the sulfide analysis are included in
Figure 36 (Tables B6 through B9 in Appendix B). These results confirm
that reducing conditions were prevalent within the landfill cells and
that sulfide was present throughout the studies. Also, the
precipitation of heavy metals as metal sulfides had begun and would be
expected to continue to influence the solubility of the heavy metals as
is subsequently discussed.

Sulfide concentrations remained at or below 0.1-0.3 mg/L in the
leachate from all four cells through Day 250. However, starting on Day
250, sulfide concentrations in both single pass cells increased
steadily until the maximum detected levels of 1.85 and 2.56 mg/L for
Cells 3 and 4, respectively, were reached on Day 313. Subsequently, a
rapid decline in sulfide concentrations in both single pass cells was
detected on Day 320. The observed decline culminated with concentra-
tion levels of 0.7 mg/L or below on Day 354 for both cells. The
maximum sulfide concentration measured for both single pass cells also
corresponded to ORP values near -200 mV which is necessary for
microblial sulfate reduction.

For the recycle cells, the sulfide concentration increased to 4.2}
and 5.59 mg/L on Day 354 for Cells 1 and 2, respectively. The maximum
sulfide concentration detected in the recycle cells corresponded to ORP

values near -250 mV. A subsequent rapid decline in sulfide
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concentrations was alsc observed in the leachate from the recycle cells
starting on Day 365.

The detection of larger maximum concentrations of sulfides in the
leachate of the recycle cells as compared to the single pass cells may
be attributed to a more complete conversion of sulfates and sulfites to
sulfides. Furthermore, the single pass operation of Cells 3 and 4
accounted for lower detected sulfide concentrations through the
probable washout of organics, sulfates, and sulfate-reducing bacteria
in these simulated landfill cells.

As will be discussed in more detail subsequently, heavy metals
(Fe, Ni, Mn, Zn and Pb) present in the leachate of the single pass and
recycle cells would be subject to precipitation, particularly when
sudden increases in sulfide concentrations were detected. At the same
time, a pH shift from 5.5 to 7 was observed, at least for the recycle
cells., Such a shift in pH would allow for the formation of sulfide
species under less soluble and less mobilizing conditions. For the
single pass cells, however, the precipitation of heavy metals would be
obscure by washout events.

Nutrients (Orthophosphate and Ammonia)

The availability of nutrients is essential to the microbially
mediated processes of landfill stabilization. In order to ensure that
adequate nutrients were available for biodegradation, orthophosphate
and ammonia nitrogen concentrations were periodically measured as
indicated in Figures 37 and 38 (Tables B2 through B5 in Appendix B).

The orthophosphate concentrations in both the single pass and
recycle cells decreased steadily throughout the experimental studies.
This was attributed to microbial utilization, washout (dilution) and
possible complexation reactions. However, as long as the supply of
orthophosphate was not totally depleted, the prevailing minimum
concentration of 0.1 mg/L on Day U400 indicated sufficiency for
biodegradation. In addition, it is also likely that a reservoir of
orthophosphate was present as hydroxyapatite or metal phosphates which
were in equilibrium with the soluble orthophosphate. Accordingly, as
the concentration of soluble orthophosphate was consumed as nutrient,
insoluble forms were released to maintain equilibrium. Such a balance

between the generation and consumption of soluble orthophosphate
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probably was established in the simulated landfill systems. This

generation was apparently rapid enough to maintain an available
orthophosphate pool for biological activity as indicated by the
dissolved concentrations of orthophosphate that remained.

After establishing relatively low initial concentrations, the
ammonia nitrogen (NH3-N) in the recycle cells increased drastically
between Days 75 and 114, This change was attributed to an increased
conversion of N03' and NO,™ to NH3 in the presence of a reducing
environment. Furthermore, an increase in the ammonia nitrogen pool in
the recycle cells could have been achieved through possible deamination
of proteins present. Moreover, recirculation of leachate preserved the
existing NH3-N pool in addition to enhancing its additional formation.
Between Days 114 and 275, ammonia nitrogen concentrations fluctuated in
the 550-650 mg/L range as an apparent balance between biological
consumption and new formation of ammonia nitrogen was established in
both recycle units. However, with the onset of methane fermentation
around Day 275, NH3-N concentration declined rapidly as microbial
methane formation activity increased dramatically and resulted in
greater utilization of the existing nutrient pool.

In contrast, after an initial leaching of ammonia nitrogen,
concentrations decreased steadily between Days 75 and 190 as washout
dominated the action of the single pass cells., However, some
concentration remained thereafter as additional leaching and possible
microbially mediated production and utilization progressed under less
active methane formation conditions than experienced with the recycle
cells.

Metals

Two groups of metals were analyzed during the experimental
investigations: the alkali and alkaline earth metals (Na, K, Mg and
Ca) and the heavy metals (Mn, Fe, Cr, Cd, Cu, Ni, Zn and Pt). The most
important factor in determining the presence of a metal in leachate is
its solubility under the conditions prevailing within the landfill
environment. Several factors influence metal solubility in leachate,
including concentration of precipitant species (hydroxide, carbonate or
sulfide), presence of complexing agents (ligands), ORP, pH, ionic

strength and washout effects.
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Investigations have shown that, with the exception of trivalent
chromium which is controlled by the solubility of its hydroxide, metal
hydroxides rarely control the solubility of heavy metals in landfill
leachate (21). In addition, carbonate species have the potential for
controlling the solubility of heavy metals in those circumstances where
sulfide is not present. However, it is generally a modest precipitant
at pH 8 or lower. Sulfide, on the other hand, is a powerful
precipitant even at low pH values and very low sulfide concentrations.
Because of the low solubility products of metal sulfides, there is a
high probability that sulfide was controlling the solubility of heavy
metals throughout the experimental studies.

Complexing agents can counteract the impact of precipitant ions
and increase the solubility of metals. Usually, the complexing
capabilities of inorganic ligands, carboxyls, carbohydrates and
volatile acids, all recognized as present in landfill leachates, are
considered too weak to have a substantial influence. Humie-like
substances found in leachate are the one exception as they seemed to be
important in the control of solubility of certain heavy metals (19).
Moreover, oxidation-reduction potentials of leachate have a significant
impact on metals speciation. Reducing conditions usually encourage
conversion of Fe*3 to Fe*Z and Cr*® to Cr*3 and would have an impact on
solubility. Likewise, high ionic strength increases the concentration
of metals in solution by increasing the solubility over that of dilute
systems.

The addition of water to all four simulated landfill cells for the
first 30 days of the study resulted in dilution effects for all metals.
For the single pass cells, this diiution continued throughout the study
period. Figures 39 through 42 (and Tables B6 through B9 in Appendix B)
display the sodium, potassium, magnesium and calcium concentrations in
the leachate from the four sinulated landfill cells. The washout
effect for all four cells over the first 30 days of water addition is
apparent; after Day 30, the leachate concentrations for the recycle
cells remained relatively steady because of leachate recirculation
(except when sodium carbonate was added for pH adjustment), whereas the
concentrations for the single pass cells continued to decrease due to

additional washout effects. However, all four cells indicated some
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increased metals concentration around Day 51. This was consistent with

the initial lithium tracer (Figure 14) and COD plots {(Figure 11) which
both increased around this date. The previocusly proposed reason for
the increase due to further saturation of the waste mass and the
opportunity for leaching additional components from the waste would be
expected to apply also to the leaching of the metals. Following this
increase, the single pass cells re-established the effects of washout
after Day 70.

Sodium concentration declined from 650 mg/L on Day 85 to nearly 10
mg/L on Day U400 as washout occurred in the single pass cells., For the
recycle cells, sodium concentration remained nearly constant at 800-950
mg/L between Days 85 and 305 as the systems neared an equilibrated
condition. However, sodium concentration increased between Days 305
and 335 in both recycle cells. This behavior was attributed to
increased sodium concentrations in leachate of both recycle cells
through introduction of sodium carbonate solution used between Days 261
and 304 for pH adjustment purposes during methane fermentation phase

start-up. Between Days 335 and 400,

the concentration of sodium in
both recycle cells decreased once again. The concentration reduction
in both cells may be attributed to an increased opportunity for ion
exchange and formation of organometallic complexes within these
environments as methane formation initiated around Day 275.

Potassium concentrations (Figure 40) followed much the same trend
as sodium in the single pass cells. Concentrations declined from 400
mg/L. on Day 85 to near 5 mg/L on Day 400 as washout dominated. For the
recycle units, potassium concentrations remainad nearly constant

500 mg/L between Days 85 and 250 as the

Arcund
systems neared equilibration.
However, between Days 250 and 400, concentrations declined in potn
recycle cells whicn could also he attiributed to the oppertunity for
organometallic complexation and ion exchange in both environments.

The concentration of leachate magnesium (Figure 41) decline=d from
nearly 150 mg/L on Day 85 to below 20 mg/L on Day 420 in the l=ichate
from both single pass cells. During this period the concentration of
calcium (Figure 43) also declined from 2,250-2,500 mg/L on Cay 55 to
below 50 mg/l. on Day 400 as washout controlled the a2tion of bHotn

metals in the single pass cells.
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Magnesium concentrations in the recycle cells remained nearly
constant around 200 mg/L between Days 85 and 275. However, these
concentrations declined below 25 mg/L on Day 400. At the same time,
calcium concentrations remained nearly constant around 1,500-1,700 mg/L
between Days 85 and 275, and declined to the 125-500 mg/L range on Day
400. Since analyses indicated that both magnesium and caleium behaved
much the same as potassium in the recycle cells, it is suggested that
the primary removal mechanism would be similar to that discussed for
potassium.

In general, the four previously discussed cations could be
considered as rather conservative metals and assumed mostly affected by
washout and dilution. Although in a complex environment such as a
landfill, the formation of organometallic complexes for calcium and
magnesium, possible ion-exchange, and effects of carbonate formation
should also be considered.

As indicated in Figure 43, and Tables B6 through B9 in Appendix B,
manganese concentrations followed the trends of the alkali and alkaline
earth metals. After the initial dilution effects, the manganese
concentration in the leachate from recycle cells remained at about 45
mg/L. The concentrations from the single pass cells increased to 68
mg/L, probably due to further saturation of the waste mass. After Day
70, the manganese concentrations from the single pass cells decreased
as washout effects continued to dominate and the concentrations in the
recycle cells held constant until the active methane fermentation phase
when opportunities for complexation were apparently enhanced.

Leachate iron concentrations from all four cells displayed the
initial decrease due to dilution (Figure 44 and Tables B6 through B9 in
Appendix B). However, after Day 30, a gradual increase in iron
concentration occurred. This was probably due to tne dissolution ¢
metal components wWwithin the simulated landfill cells under iaci:
formation conditions. Whereas, the iron in the single pass o«-.1.:
slowly decreased due primarily to washout, that for the recy ..
tended to increase and then decrease precipitously.

Iron concentration increased from 700 mg/i. on Day =°
on Day 155 in the leachate from the single pass >.-.

150, iron concentration decreased steadily to> i oo .
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the recycle cells, however, iron concentration increased steadily from

" near 600 mg/L on Day 85 to 950-1000 mg/L on Day 275. However, iron
concentration thereafter declined until concentrations below 10 mg/L
was achieved on Day 400 or when methane fermentation had been firmly
established.

The increases observed in iron concentration for both management
options is contributed to the existence of highly reducing conditions
in which Fe*3 ions were reduced to more soluble Fe*? species in both

environments. The decline in concentration of iron is attributed to

- -

the effect of washout and the presence of sulfides with subsequent

precipitation of iron in all simulated landfill cells.

L%

The remaining heavy metals including chromium, cadmium, copper,
nickel, lead and zinc displayed similar trends during the acid
3 formation phase of landfill stabilization (Figures 45 through 50 and
Tables B6 through B9 in Appendix B). The first days were dominated by

dilution effects due to water addition to all cells. Increased metals

-

concentrations around Day 50 were typical, probably due to the
saturation of additional waste mass. Around Day 70, washout effects

dominated the single pass cells again, and the metal concentrations in

i A

the recycle cells held relatively constant. Chromium and copper

concentrations decreased below the minimum detection levels.

A Concentrations declined steadily and particularly after reducing

P, conditions were established and many of the heavy metals could be
precipitated as sulfides. Although heavy metal concentrations were

. relatively low, this precipitation and removal as sulfides was

. particularly evident in the recycle cell leachates for Cd, Ni, Pb and

o Zn,

GAS PRODUCTION AND ANALYSIS

Initial Gas Production Phase

Some gas production began immediately after moisture addition to
the cells and leachate production began on Day 0. Thereafter, it had
b decreased to zero by Day 10 as indicated in Tables B13 and B14
' (Appendix B). This initial gas production resulted from aerobic
decomposition with consumption of the oxygen introduced with the refuse

during placement. The maximum gas production rate during this period
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reached 50-70 liters/day before decreasing to zero by Day 10. As the
oxygen was depleted, facultative and anaerobic acid forming bacteria
further hydrolyzed the waste organic matter with the generation of
carbon dioxide and hydrogen gas, thereby displacing some of the gaseous
nitrogen present. The acidic conditions generated during the ensuing
acid formation pﬁase of stabilization delayed the onset of active
methane fermentation and precluded further measurable gas produciton
and displacement.

The gas combosition for each of the cells during this initial
period is displayed with the gas composition for production incurred
during the methane fermentation phase (Figures 17 and 18) in Figures 51
through 54, On Day 8, the gas from all of the cells had similar
compositions with T4% COp, 16% Hpy, 10% Np and minimal Op. These values
are typical of the acid formation phase of landfill stabilization (23).

Final Gas Production (Methane Fermentation) Phase

The weekly and cumulative gas production for the recycle and
single pass cells during the methane fermentation phase were previously
presented in Figures 17 and 18 (Tables B10 and B11). Measurable gas
production began on Déy 235 in all four simulated léndfill cells,
Although the rate of gas production remained nearly comparable fér all
cells through Day 305, gas production rate for the recycle cells
increased dramatically thereafter. Maximum daily gas productions of
110-130 and 120-140 liters/day were recorded for control and spiked
recycle cells, respectively. However, maximum daily gas productions of
only 5-10 and 15-20 liters/day were noted for the control and spiked
single pass cells, respectively.

In terms of gas compositioh (Figures 51 through 54; Tables B10 and
B11 in Appendix B), carbon dioxide (CO») cohtent in the gas produced by
both recycle and single pass cells increased to a maximum near Day 325.
Subsequently, CO, composition decreased in all cells and then remained
nearly constant after Day 350. The maximum carbon dioxide level
recorded for the recycle cellé was nearly 50%, whereas the maximum CO)
level recorded for the single pass cells was at 52%. Following the

decline in CO» concentration in all four cells, the recycle units

remained at 30-35%, whereas the single-pass cells remained at nearly
35% CO».
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Methane (CHy) content also increased in the gas produced by all

four simulated landfill cells. However, unlike carbon dioxide, the CHy
composition merely leveled off after reaching a peak for all cells.

The maximum CHy content for both recycle units measured in the 65-70%
range. However, the maximum methane content measured for the single
pass éells only reached the 45-50% range.

After the onset of methane fermentafion, the levels of nitrogen
present in the gas from all four simulated landfill cells decreased as
the newly produced gases displaced the original nitrogen content. The
nitrogen level measured for the recycle cells was at 8-10% after.Day
380. However, the nitrogen content for the single pass‘cells remained
near the 12-15% after Day 380.

Althdugh small amounts of oxygen were detected continuously in the
gas produced from all the simulated landfill cells, its presence was
mainly attributed to difficulties encountered during gas sampling.
Based on the amount, rate, and composition of gas production from-the
cells with different management options, it could be concluded that the
recycle units had more rapidly and completely stabilized the organic
constituents of the leachate when compared with the single pass cells.
This observation and results presented on gas analysis indicated

similar results as reported by Pohland, et al. (22).

TRACE ORGANIC PRIORITY POLLUTANT ANALYSIS

The results of the trace organic priority pollutant analysis
indicated that only two of the 12 trace organic priority pollutants
were identified initially in the leachate; phenol and di-n-butyl
phthalate. Both of these priority pollutants were present in the
leachate from the simulated landfill cells before and after the spiking
of the cells with selected priority pollutants. The concentrations of
phenol and di-n-butyl phthalate measured in this study are presented in
Figures 55 and 56 (and Tables B6 through B9 in Appendix B),
respectively.

Figure 55 indicates that all four cells, single pass and recycle,
had increased phenol concentrations in the leachate between Day 37 and
Day 67. This corresponded to the increased organic strength indicators

and metal concentrations which appeared to be due to additional
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saturation of the waste mass., Comparing the unspiked and spiked
recycle cells (Cells 1 and 2; respectively), it appears that some of
the phenol spike added on Day 30 may have eluted through the refuse and
was ldentified in the leachate between Day 37 and Day 67. Although the
leachate from both cells had an increased phenol concentration, that
from the spiked cell increased about 3500 g/L, while the single pass
cell leachate increased about 1200 g/L. 1In the single pass cells
(Cells 3 and 4), the spike did not appeér to have eluted through the
solid waste.

In Figﬁre 56, the di-n-butyl phthalate concentrations display an
increased concentration in three of the four cells, probably again due
to the additional saturation of the waste mass. The difference between
the unspiked and spiked recycle cells (Cells 1 and 2, respectively)
from Day 44 to Day 67 may indicate that the sbike had appeared in the
leachate. Cell 2 leachate increased 50 g/L, while that from Cell 1
showed né change in di-n-butyl phthalate concentration. Further
inspection during the remaining portions of the research investigations
up to Day 433 indicated that none of the selected organic priority
pollutants had emerged in measurable quantity in the leachate samples
from the test cells.

To demonstrate'the technique used to determine the presence of the
selected priority organic pollutants spiked to the test single-pass and
recycle cells, Figures 57 and 61 present examples of reconstructed icn
chromatographs (RIC) obtained for leachate sample extracts determined
by GC-MS procedures. Accordingly, Figure 57 presents the RIC of an
extracted sample of leachate collected from Cell 2 on Day 147. Peaks
appearing at scan numbers of 1590, 1690 and 1892 represent hekamethyl-
benzene, diethyl phthalate, ahd anthracene—d1o, respectively.
Hexamethylbenzene was introduced as the internal standard in the
analysis and anthracene-dig was used as a surrogate compound in tne
analyses., Diethyl phthalate is a common ingredient of leachates, often
originating from the variety of plastic materials contained in
municipal refuse.

Peaks appearing in Figures 58 through 60 represent the previously
named compounds and Figure 61 {s a RIC for a control (blank) sample

carried through the analysis. Moreover, peaks appearing at scan
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numbers of 462 and 512 represent chloroform and cyclohexane,

respectively., Both of these compounds were introduced as contaminants
in the solvent used in the extraction procedures.

Elution Potential

In an effort to better understand the elution potential of tne
selected organic priority pollutants, a small-scale laboratory %test was
performed. This study investigated the elution of 10 of the 12
selected briority pollutants with water through a column of sterilized
refuse (see Figure 62). The test was repeated with a second column of
solid waste using leachate to elute the compounds.

Stored samples of refuse from the loading of the four simulated
landfill cells were mixed and ground using a Wiley mill and a 6-mm
screen. Biological activity was minimized by irradiating the ground
waste Qith UV light, baking all glassware at U400°C for at least six
hours, and filtering the leachate used in the second column through a
0. MS um membrane filter.

The column was packed with 17 grams of refuse and a glass wool
layer placed above and below the waste. Deionized water was then
siphoned into the bottom of the column'to saturate the waste. The
water level was maintained at the surface of the waste layer, while 1
mL of priority pollutant spike was added to the top of the column with
a syringe (see Table 7 for exact quantities). Water was added to the
top of the column to obtain 60 cm of water head. The column was then
eluted with deionized water at a rate of 5-6 bed volumes per hour (100
mL per 10-12 minutes). One hundred mL samples were collected until 20
bed volumes had flowed through the column. The samples were extracted
using steam distillation followed by concentration with K-D apparatus
and nitrogen purging prior to final analysis on the GC-MS.

These procedures were repeated with a second column Of solid waste
eluted with 16 bed volumes of filtered leachate as well as a third
column containing unspiked solid waste eluted with eignt bed volumes of
deionized water,

The results of the first column test (Table 7) using water as the
mobile phase included the appearance of phencl in the first bed volume,
di-n-butyl phthalate and 2,6h-dinitrotoluene in the second hed volume,

2,4-dinitrotoluene in the third bed volume, trichloroethene,
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FIGURE 62: SMALL SCALE ELUTION COLUMN PACKED WITH SOLID WASTLE.
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4,6-dinitro-o-cresol and pentachlorophenol in the fifth bed volume.
Hexachloroethane was found in the bed volumes 17-20. Butanone and
phenanthrene were not found in the column effluent efter the passage »f
20 bed volumes.

The second column (Table 8) was eluted with leachate and phenol,
di-n-butyl phthalate, 2,6-dinitrotoluene and 2,4-dinitrotoluene
appeared in the first bed volume and trichlorethene in the fourth bed
volume. 4,6-Dinitro-o-cresol, pentachlorophenol, hexachloroethane,
butanohe and phenanthrene were not detected in the column discharge
through 16 bed volumes. A summary of the results of both column tests

is presented in Table 9

.,
NI
-,~"h

Table 9. Summary of Column Elution Tests

Bed Volumes in which Compound Was Found

Compound Deionized Water Leachate
Phenol 1-8 1-16
Di-n-butyl phthalate 2,5-20 1-16
2,6-Dinitrotoluene 2-16 1-16
2,4-Dinitrotoluene 3-16 1-16
Trichloroethene 5-12 y
4,6-Dinitro-o~-cresol 5-8 (>16)*
Pentachlorophenol 5-12 (>16)*
Hexachloroethane 17-20 (>16)*
Butanone (>20)* (>16)*
Phenanthrene (>20)% (>16)%

*Compound was not identified in samples throughout the study pericd.

Examination of the percent of the spike recovered for both elution
tests indicates that some spiked priority pollutant recoveries were
greater than 100 percent. For phenol this may be expected, since it is
a degradation product of many compounds. However, over 100 percent
recoveries for pentachlorophenol and 2,6-dinitrotoluene in the

deionized water elution, and 2,6-dinitrotoluene and 2,4-dinitrotoluene
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in the leachate elution were probably due to analytical technique.

As discussed in the literature review, adsorption isotherms have
been developed for many of the organic priority pcllutants using
activated carbon. From this information, the indicated order of
elution with adsérption is: phenol > tricnloroethene >
hexachloroethane > 2,6-dinitrotoluene > 2,4-dinitrotoluene >
pentachlorophenol > U,6-dinitro-o-cresol > phenanthrene >
di-n-butyl phthalate > polychlorinated biphenyls. Although it is
recognized that solid waste has a different charécter than activated
carbon, such isotherm information can provide a basis for comparison of
different organics and their adsorption tendencies.

This order of elution was generally consistenﬁ with the
small-scale column tests described above. Based on the column eluted
with leachate, the order of elution was:‘ phenol, di-n-butyl phthalate,
2,6=-dinitrotoluene, 2,4-dinitrotoluene > trichloroethene >
4,6-dinitro-o-cresol, pentachlorophenol, butanone, phenanthrene,

Using the adsorption data collected for activated carbon and the
above described test using solid waste, the following tentative
sequence of elution was predicted: phenol > trichloroethene,
hexachloroethane, 2,6-dinitrotoluene, 2,4-dinitrotoluene, di-n-butyl
phthalate > 4,6-dinitro-o-cresol, butanone, pentachlorophenol,
phenanthrene > 2,4'-dichlorobiphenyl, hexachlorobiphenyl. However,
continuation of the simulated landfill studies through the methane
fermentation phase of stabilization did not reveal further evidence of
preferential elution and the associated behavior of the selected
organic priority pollutants included in the investigations was not
revealed even after U450 days and passage of 2.1 to 2.3 and 15-17 bed
volumes through the single pass and recycle cells, respectively. Such
an observation suggests that the landfill environment provides a finite
assimilative capacity for organic priority pollutants, The magnituage
of this capacity and whether {t can be ascribed to sorption,
biodegradation, complexation or other physical-chemical mechanisms
remains to be determined. Therefore, continuing operation and

monitoring of the simulated landfill systems i3 advised.
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Based on the results of this phase of the research study, the

following conclusions may be drawn:

1.
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SUMMARY AND CONCLUSIONS

Both acid formation and methane fermentation phnases of

stabilization were established in the four simulated

landfill cells. This was confirmed by the indicator
parameters examined, and included conversion or washout of
initially high leachate COD, BODg and TOC composed primarily
of volatile organic acids, with low pH, to greatly reduced
concentrations at negative ORPs and methane production.
Mobilization and fixation of metal species and release and
utilization of nutrients in support of biomass production
was also noted. Tracer studies using lithium demonstrated
that uniform distribution and minimal shortcircuiting were
achieved in both the single pass and recycle cells, with
some indication of increasing retention times as microbial
populations were developed during both acid formation and
methane fermentation phases. .
During the acid fermentation phase of stabilization of the
simulated landfill cells, hexanoic acid was identified in
the leachate. The concentration of hexancic acid in the
leachate of the recycle cells was five times greater than
for the single pass cells., This higher concentration of
hexanoic acid may have been the result of saturation with
volatile organic acids (VOA) with recirculation in the
recycle cells which resulted in its formation possibly from
the condensation of butyric and acetic acid. This may
explain the simultanecus decrease in butyric acid, although
a greater degree of cellulose hydrolysis due to longer
contact times with leachate recycle may also have
contributed.

During the acid formation phase, the mass of COD generated
in the single pass leachate was about three times that of
the recycle cells. Since this mass was removed and not -

converted to methane to any appreciable extent, it would

122




pose adverse environmental impacts, given an opportunity to
migrate from the landfill site.

For the recycle cells, the COD concentration appeared to
reach an initial saturation level and remain tnhere without
conversion by methane forming microorganisms to lower
concentrations possibly due to end-product (VOA) repression,
The utilization of pH adjustment and slu-_ e seeding were
effective in establishing a viable methane forming
population with a concomitant production of additiconal
intermediates and their collective conversion to CHy and CO5.
No evidence of inhibition by the organic priority pollutant
loadings to the simulated landfill systems was detected.
Early trace organic priority pollutant analysis identified
two of the 12 selected priority pollutants added as spikes
to the simulated landfill cells; phenol and di-n-butyl
phthalate. These two compounds were also found in the
leachate prior to the addition of the spike to the cells,
However, some of the spike appears to have eluted through
the waste mass in the spiked recycle cells. Since the
leachate was collected and recirculated in the recycle
option, the eluted priority pollutants were contained and
additional opportunity for removal was provided. Under
single pass management, the priority pollutants would be
available for possible migration from the site with
associated adverse environmental impact. Since none of the
spiked priority pollutants were detected in any of the
leachate samples from the single pass or recycle test cells,
they were either removed within the landfill cell through
physical-chemical or bioconversion processes or are still in
the progress of partitioning through the refuse mass.
Adsorption characteristics of organic priority poliutants
using activated carbon provided a basis for comparison of
the adsorption tendencies of different priority pollutants
on solid waste. The order of elution predicted by adsorp-
tion studies with activated carbon was very similar to the

order observed in a small-scale supplementary elution test
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performed using a column of refuse without the influence of
biological activity. This evidence was used to predict a
tentative sequence of elution of the selected priority
pollutants: phenol > trichloroethene, hexachloroethane,

2,6=dinitrotoluene, 2,4-dinitrotoluene, di-n-butyl pnthalate

> 4,6-dinitro-o-cresol, butancne, pentachlorophenol,
phenanthrene > 2,4'-dichlorobiphenyl, hexachlorobiphenyl.
Although the elution tests with both distilled water and
leachate to permit 20 bed volumes of displacement provided
some indication of fractionation tendencies, operation of
the simulated landfill cells for 450 days and an associated
displacement of as much as 17 bed volumes in the recycie
cells without release of the spiked priority pollutants
emphasizes the impressive assimilative capacity of the
landfill setting for these constituents.

7. Since a finite assimilative capacity for organic priority
pollutants was indicated during these investigations and
ascribed to various in situ attenuation mechanisms including
sorption, bioconversion and complexation, additional studies
on allowable loadings in codisposal circumstances are
warranted. Information from such studies would provide both
retrospecﬁive and prospective guidance for management and

control of existing and proposed landfill disposal systems.
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! APPENDIX A

Digestion Procedure fcr Metal in Leachate (27)

3 Acid soak all glassware with 2 N HNO3 to minimize contamination.

Place 50 mL of sample in a 250-mL beaker and add 5 mL ¢f 1:1 diluted

ultrapure HNO3 (Ultrex). Cover the beaker with a watchglass and
evaporate the solution én a not plate at just under 100°C (nct boiling)
until the volume is near dryness. After cooling, repeat the procedure
of adding HNO3 and heating twice'more. Then add 2 ml of concentrated
(30%) Hp0p and heat until effervescence is observed. Cool the sample
and repeat the step once. Add 1 mL of concentrated Ultrex to complete
the digestion. Rinse thé watchglass into the beaker and bring the

volume to 50 ﬁL with deionized water. Transfer the sample to a

s s 8 A A

polyethylene bottle. Rinse the beakér with 5 mL of deionized water and
add this rinse to the sample.
Prepare a deionized watér blank using the digestion procedure
along with the leachate samples for correction of possible metal
introduction due to digestion procedures.
Dilute the samples appropriately to.allow analysis witnin the
optimum detection range for the various metals with the Atomic :

Absorption Spectrophotometer.
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Table B12. Lithium Concentration in Leachate from the Single Pass
Cells During the Second Tracer Study

Time Since Leachate Concentration, mg/L Li

Production Began, Cell 3 Cell 4
days
365 0.02 0.02
375 0.01 0.01
377 0.02 0.01
379 0.02 0.01
381 0.01 0.01
383 0.01 0.01
385 0.02 0.01
387 0.01 0.01
389 0.01 0.01
391 0.02 0.03
393 0.04 0.04
395 0.02 0.02
397 0.03 0.06
399 0.06 0.06
401 0.1 0.08
402 0.13 0.08
4ou 0.22 0.26
406 0.21 0. 31
408 0.24 0.33
410 0.61 0.56
2 0.58 0.70
41y 0.52 0.65
6 0.67 0.64
418 0.93 1.10
420 0.98 1.20
422 1.00 1.20
4oy 1.54 1.69
426 . 1.54 1.89
428 1.63 2.01
430 1.67 1.99
432 2.04 2.50
43y 2.33 2.75
436 2.1 2.73
438 2.52 2.98
4y0 2.56 3.07
hy2 2.60 3.09

Cell 3 = Control Single Pass Cell
Cell 4 = Spiked Single Pass Cell
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APPENDIX C

Example Computation of Mass from Concentration

Single Pass Cell:

. 6 liters of leachate collected during the week
COD concentration = 15,000 mg/L
15,000 mg/L
¢ X 6 L/wk
90,000 mg/wk - to be added to previous weeks subtotal
to maintain cumulative total (mg).
Recycle Cell:

20 liters of leachate collected in reservoir during the week
COD concentration = 15,000 mg/L
15,000 mg/L
x 20L
300,000 mg - current mass of COD in leachate (total equal to
current mass plus mass removed for sampling).
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